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Background: The importance of menstrual cycle physiology in appetite and obesity is
poorly understood. We investigated the effects of body mass index (BMI), menstrual
cycle phase and sweet and salty taste on monetary valuation of snack foods.

Methods: \We recruited 72 women and after the application of in- and exclusion criteria
31 participants with healthy weight and 25 with obesity remained. The participants
completed a willingness to pay (WTP) task to measure subjective value of 30 snack
food items in the pre-ovulatory and mid-luteal cycle phases.

Results: Generalized linear mixed model (GLMM) analysis revealed that BMI, cycle
phase and snack taste interacted to influence WTP (—0.15 [-0.22, —0.03], p = 0.002).
Hence, WTP was inversely related to BMI, but the strength of the relation depended
on cycle phase and taste. The WTP of participants with healthy weight for salty taste
changed across cycle phase but the WTP for sweet taste was not affected by cycle
phase. Moreover, the cycle effect for the salty snacks ceased in participants with obesity.

Conclusion: The inverse effect of BMI on WTP valuation of snack foods contrasts
with the positive effect of BMI on pleasantness ratings for milkshakes by the same
women that we previously reported. This indicates that the two measures reflect different
aspects of food-related valuative processing in obesity. Furthermore, the WTP data
suggest that the selection of salty snacks may differ from that of sweet snacks in the
pre-ovulatory phase of the menstrual cycle for individuals of healthy weight. The cycle
phase does not seem to affect food valuation of participants with obesity. These findings
are relevant to understanding and treating obesity in women.

Keywords: obesity, value-based decision making, food valuation, willingness to pay, ovarian hormones,
menstrual cycle

INTRODUCTION

Obesity remains a pressing issue worldwide. In many countries, obesogenic environments are
thought to contribute substantially to obesity’s high incidence. These environments include easily
available energy-dense foods, which has brought about a relatively novel way of eating known as
snacking (Duffey and Popkin, 2011; Mattes, 2018). The calorie intake from snacks add to the calorie
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intake from main meals, and therefore snacking is associated with
a higher body mass index (BMI; kg/mz) (Mattes, 2018).

Nevertheless, despite the wide-ranging academic attention
devoted to obesity, the roles of reproductive hormones in obesity
in women have not often been taken into account. This is
important because more women than men suffer from obesity
worldwide (NCD Risk Factor Collaboration, 2016). Emotional
eating, which is frequently associated with obesity, seems most
frequent in the mid-luteal phase of the menstrual cycle and
to be influenced by increased levels of both progesterone and
B-estradiol (Klump et al, 2013). Indeed, many studies have
shown increased subjective appetite and food intake in the mid-
luteal compared to the mid- to late-follicular and periovulatory
phases of the cycle (Buffenstein et al., 1995; Dye and Blundell,
1997; Brennan et al., 2009; Asarian and Geary, 2013; Gorczyca
et al,, 2016). It is unclear whether these changes are related
to altered macronutrient selection. Some studies did not detect
changes (Martini et al,, 1994; Brennan et al., 2009), whereas
others reported increased protein or carbohydrate intake in
the mid-luteal phase (Bowen and Grunberg, 1990; Gorczyca
et al., 2016). This change in intake could influence the nutrient
metabolism in the gut affecting reward signals. In a recent
study (de Araujo et al,, 2020), the authors suggest that internal
signals via the gut-brain-axis generate an unconscious food
reward which might constitute the prime driver of overeating.
This mechanism is part of a two-roads-to-food-reward model,
where food reward is substantially influenced by the flavor-
nutrient learning process happening in the gut (i.e., the low-
road) and results not only from conscious reward signals based
on food perception, taste and oral somatosensation (the high-
road). Furthermore, a number of differences in taste perception
have been linked to obesity and reproductive hormone status
(Asarian and Geary, 2013; Hardikar et al., 2017). These studies
indicate that better understanding of the effects of reproductive
physiology and food type are important for continued progress
in obesity research.

Ovarian hormones may affect food intake by changing
the motivation to eat. For example, in ovariectomized rats,
administration of B-estradiol resulted in decreased motivation
for sucrose rewards (Richard et al, 2017). Such data suggest
that estrogens and other ovarian hormones might modulate
value-based decision making in relation to food. In addition,
diet-induced obesity of female rats is associated with decreased
dopamine signaling independent of the menstrual cycle in
the nucleus accumbens, which is a fundamental brain region
for reward processing (Geiger et al., 2009). We previously
analyzed perceived pleasantness of milkshakes in relation to
patterns of brain activity detected with fMRI in women with
obesity or healthy weight (Gobbi et al, 2020). In that study
there was an apparent effect of menstrual cycle phase on
perceived pleasantness of sweet milkshakes, but this did not
reach statistical significance (Gobbi et al, 2020). Here we
expand on these findings studying in the same group of women
another aspect of appetite, food valuation as an integration
of hunger signals, past experience of the food’s flavor and its
gastrointestinal and metabolomics effects. To this aim, we used
the willingness to pay (WTP) paradigm. The WTP measures

the motivation to eat using a bidding and auction method
which was developed to quantify an option’s utility (Becker
et al., 1964). In this study, we aimed to determine if women’s
valuation of snack foods, first, varies between women with obesity
and women with healthy weight, second, varies between the
pre-ovulatory and mid-luteal phases of the menstrual cycle,
and, third, whether these effects are similar for sweet and
salty snack foods.

MATERIALS AND METHODS

All procedures were approved by the Ethics Commission of the
Canton of Zurich, and the participants gave written informed
consent. They were compensated for expenditures associated
with study participation and received 500 Swiss Francs (CHF) for
completing the study.

Participants

The participants were recruited and screened for eligibility at the
department of Reproductive Endocrinology (University Hospital
Zurich). In the pre-screening phase, general, endocrinologic
and mental health were assessed through a Clinical Assessment
Questionnaire designed for the present study. Only individuals
fulfilling our previously described (Gobbi et al., 2020) in- and
exclusion criteria were recruited. Women with healthy weight
(BMI 18.5-24.9 kg/m?) or with grade 1 or 2 obesity (BMI 30~
39.9 kg/m?) and who reported that they were weight stable
and not dieting were invited to participate. Eligible women
were provided with the Three-Factor Eating Questionnaire
(TFEQ) and the Eating Disorder Examination-Questionnaire
(EDE-Q) to complete at home before the first test visit and
to return by mail.

We recruited 72 physically and psychiatrically healthy
women who were cycling normally and not using hormonal
contraception. Four women withdrew from the study prior
to completion, one was excluded due to insufficient German
language skills, and two were excluded because of technical
difficulties with the tasks. The participants were invited to
attend two test visits, one in the pre-ovulatory phase and
one in the mid-luteal phase of the menstrual cycle, with
order randomized. Tests were timed in relation to menstrual
cycle phases, calculated based on cycle information obtained
from the participants (i.e., cycle length and days since the
last menstruation) and confirmed against progesterone levels.
For this paper, the pre-ovulatory phase targeted measurements
from 16 + 2 days prior to menstruation, i.e., shortly before
ovulation, with low progesterone levels (3.0 £ 7.9 nmol/l). The
mid-luteal phase targeted 7 £ 3 days prior to menstruation
with high progesterone levels (21.4 4 18.5 nmol/l). Six
participants were excluded because their blood hormone
levels were not in agreement with calculated cycle phases
in either cycle phase. Another six participants for which
only one cycle phase could be confirmed were retained,
with their missing data accounted for in the statistical
analyses. Three participants were excluded because their
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mean cycle length was not within the normal range (25-
35 days).

Test Procedure

Participants were advised not to drink or eat anything after 10pm
on the evening prior to both test visits. The study compensation
fee served as credit for the WTP task. In this task, participants
bid money on a scale from 0 to 2.5 CHF in accordance with their
desire to obtain different food items, which were pictures of 15
sweet and 15 salty common snack foods displaying a serving size
of the product in front of its package on a black background.
The snacks predominantly comprised chocolate bars, nut bars,
cookies, gummy bears, crackers, olives, crisps, and salted nuts.
To account for potential successive contrast influences among
food items, this procedure was done twice for each food item
in different order, resulting in 60 WTP bids. The participants
bid on a continuous scale using a trackball, which they moved
to the desired bid amount and then pressed to confirm their
choice. The compensation method for the task was determined
by an incentive-compatible auction mechanism (Becker et al.,
1964). At the end of each session, one trial was selected at
random and implemented. If the participant’s bid for the food
item in that trial was greater than or equal to the auction price,
they paid the auction price from their compensation fee and
they received the snack to consume at the laboratory, before
leaving. Otherwise, the participant did not obtain the food item
and kept the entire compensation amount. The WTP task and
several other tasks were completed whilst lying supine in a
whole-body MRI scanner [Philips Medical Systems, Laboratory
for Social and Neural Systems research (SNS Lab) in Ziirich
University Hospital, Ziirich, Switzerland; more details regarding
the scanning procedure and the other experiments are described
elsewhere (Gobbi et al., 2020)]. In addition to the WTP task
reported here, participants performed a task assessing food value
measured by willingness to exert physical effort and a task related
to experienced food value (milkshake sampling), which was
previously reported (Gobbi et al., 2020). Trials of the different
tasks were presented in random order. In addition, on each test
day, participants performed the tasks in the MRI twice, once
before and once after an ad libitum meal. The meal consisted of
ham sandwiches and tap water, and the consumed amount was
determined by comparing the weight of sandwiches before and
after the meal. Weights were transformed to kcal and analyzed as
ad libitum consumption level. Participants had 30 min to finish
the meal and then returned to the scanner and repeated the three
valuation tasks. Hence, the participant performed the tasks in
two satiety states (fasted, fed) and two menstrual cycle phases
(pre-ovulatory, mid-luteal), resulting in four sessions in total.

At different time points throughout the experiment,
participants rated a number of subjective states. These included
hunger, satiety, desire to eat, nausea, tiredness, feeling well,
anxiety, discomfort, agitation, and dizziness. The participants
provided these ratings using a generalized visual analog scale
ranging from “not at all” to “as strong as possible” (Blundell et al.,
2010). The participants answered by moving a trackball along the
rating scale and clicking to indicate their response. For both WTP
and subjective state ratings the scale direction was randomized

across trials and sessions to disentangle brain activation from
physical skills or habits related to moving the trackball.

Statistical Analysis

Statistical analyses were performed using Microsoft Excel 2013
and R version 4.0.2 (R Core Team, 2013). Participants were
weighed during both visits, which resulted in two different BMIs
per participant (kg/m?). For the Spearman correlation analyses
and the generalized linear mixed model (GLMM) analysis,
BMI was treated as a continuous variable, whereas for group
comparisons, we used the categorical variable weight status, i.e.,
healthy weight or obese.

Willingness to pay bids without confirmation (no trackball
press) were considered invalid, i.e., entered the analysis as missing
values. In addition, we excluded items with WTP bids of zero
in all four experimental sessions due to an apparent dislike of
these items. Visual inspection of the histograms and the quantile-
quantile plots indicated that the WTP bids and several other
dependent variables were not normally distributed. Therefore,
non-parametric statistical analyses were done for all analysis
except the GLMM, which was based on a beta distribution.
We computed Spearman correlation coeflicients (r;) for WTP
bids, BMI, ad libitum consumption levels, TFEQ scores, and the
subjective state ratings from the time points around the WTP
task, excluding missing values. A correlation matrix (Figure 1)
was constructed using the R function corrplot (Wei et al., 2017).
Magnitudes of the correlations are reported with the Spearman
correlation coefficient ;.

We also contrasted the mean WTP bids, the EDE-Q and
the TFEQ scores of the groups with healthy weight and obesity
using Wilcoxon signed-rank tests for independent samples and
we conducted group comparisons for WTP differences for sweet
or salty food items using Wilcoxon signed-rank tests for paired
samples. To calculate effect sizes r for the Wilcoxon tests we used
the R function wilcox_effsize (Kassambara, 2020). We further
tested for mean differences in WTP across cycle phases. To
account for seven participants who completed two test visits
in the same cycle phase and six participants for whom only
one cycle phase was confirmed, we applied a method designed
for paired data with missing values (Fong et al., 2018) using
the R function pm.wilcox.test with the SR-MW method, which
consists of a combination of signed-rank statistics for paired
data and Mann-Whitney statistics for unpaired data (Fong et al.,
2018). Because this test results in a Z-value, the effect sizes
were calculated as the Z-statistic divided by the square root of
the number of observations (Rosenthal, 1994). Visualizations of
group comparisons were obtained using ggplot (Wickham, 2006).
The Spearman correlations and group contrasts were considered
exploratory, so we used a significance level of a = 0.05.

The dependent variable for the GLMM analysis was the WTP.
As these data followed an extreme values distribution determined
by the monetary rating boundaries of 0 and 2.5 (in CHF), we used
a beta regression model and a logit function as link (Cribari-Neto
and Zeileis, 2010). The data were divided by 2.5 to normalize
WTP values (WTPnomm) to between 0 and 1, as previously
suggested (Smithson and Verkuilen, 2006), and transformed
using the function WTPopy = ([WTPNorm(n—1) + 0.5]/n) where

Frontiers in Neuroscience | www.frontiersin.org

February 2022 | Volume 16 | Article 800976


https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Heuberger et al.

Obesity Affects Snack Food Valuation

Nausea
Dizziness

Anxiety
Discomfort

Agitation

WTP
Hunger
Desire to eat

Nausea

Dizziness

Anxiety

Discomfort

Agitation

WTP

Hunger

Desire to eat

BMI oo

AdlibConsum @ o »
Satiety '@ o o

Tiredness . .

Feeling well
Cognitive eating restraint
Disinhibition of eating
Hunger susceptibility

BMI
AdlibConsum
Satiety
Tiredness

Feeling well
Cognitive eating restraint

[ ]
.
Disinhibition of eating
Hunger susceptibility

.
.

.

(]

.
cece0@:- o
oooo..

.

.
e o o

ﬂ

-1

o
-

Correlation coefficient rg

FIGURE 1 | Correlation matrix of willingness to pay (WTP), ad libitum
consumption level, BMI, Three-Factor Eating Questionnaire (TFEQ) scores,
and subjective state ratings. This correlation matrix displays the correlation of
WTPR, BMI, ad libitum consumption level, TFEQ Cognitive eating restraint,
TFEQ Disinhibition of eating, TFEQ Hunger susceptibility, nausea, dizziness,
anxiety, discomfort, agitation, hunger, desire to eat, satiety, tiredness, and
feeling well. See Results for further explanations. The diameter of the filled and
open circles are proportional to the correlation magnitude (rs) where a large
circle stands for a high rs. Open circles indicate positive correlation, whereas
filled circles indicate negative correlations. No circle is depicted at
intersections where there was no significant correlation (o > 0.05).

n is the number of samples (Smithson and Verkuilen, 2006).
We used the glmmTMB R package because it enables inclusion
of random effects in the model (Brooks et al, 2017). We
included random intercepts for participants and items as well
as participant-specific random slopes for Day and Satiety. The
model is defined as follows:

WTP;; =Bo + ugj + ugx) + (B1 + uzj) Dayy + (B2 + uz)
Satiety;; + P3CP; + By AdlibConsum;; + Bs BMI;; + B¢
Taste;j + B7 AdLibConsum;; BMI;j + Bg CPjj AdLibConsum;; +
BoCP; BMI;; + P19 BMIjTaste; + Bi; CPjj Taste;; +
P12 AdLibConsum;; Taste;j + B3 CP;j AdLibConsum;; BMI;; +

B14 CP;j BMIj; Taste;j + B15 CP;j AdLibConsum;; Taste;; + e;jj

The index i represents the trial, j the participant and k the
item. The continuous variables BMI and ad libitum consumption
level (AdlibConsum) were z-scored at a group level and day
of test visit (Day; Day 1 or Day 2), Satiety (Fasted or Fed),
cycle phase (CP; Pre-ovulatory or Mid-luteal), and Taste (Sweet

or Salty) were used as binary variables. Two- and three-way
interactions were included. We calculated the p-values using the
Wald statistic. To correct for the multiple tests using WTP bids
as dependent variable (correlation, three Wilcoxon tests and the
GLMM), we applied the Bonferroni procedure, resulting in a
nominal threshold of 0.01 (= 0.05/5), and only effects for which
p-value < 0.01 were considered significant. To display significant
interaction effects we used the R functions ggpredict and ggplot
(Wickham, 2006; Liidecke, 2018).

RESULTS
Subjects

We report the results for 56 women who fulfilled our selection
criteria. Table 1 shows the participants’ demographic data. We
assessed the cycle phases more conservatively than previously,
resulting in fewer participants than in our previous paper
(Gobbi et al., 2020). Forty-six (82%) women submitted complete
questionnaires. These participants’ global EDE-Q scores were
1.4 £ 1.1, which closely matches community norm values
(Fairburn et al., 2014). The EDE-Q scores Restraint, Eating
concern, Shape concern and Weight concern were all significantly
lower for participants with healthy weight than for those with
obesity (median Restraint 0.4 and 1.2, r = 0.36, p = 0.016; Eating
concern 0.2 and 0.8, r = 0.51, p < 0.001; Weight concern 0.1
and 3.0, r = 0.68, p < 0.001; and Shape concern 1.1 and 3.5,
r =0.65, p < 0.001). The TFEQ scores cognitive eating restraint
and hunger susceptibility did not differ between participants with
healthy weight and with obesity (p = 0.414 and p = 0.058) but
disinhibition of eating was higher in the obese than in the healthy
weight group (median 9.0 and 7.0, r = 0.40, p = 0.007).

Spearman Correlations

Figure 1 summarizes the Spearman correlational data. The WTP
bids correlated very weakly positively with desire to eat, hunger,
feeling well, dizziness, anxiety, agitation and discomfort (s < 0.1,
p < 0.011) and negatively with satiety rating (rs = —0.09,
p < 0.001) and BMI (r; = —0.03, p = 0.002). Analysis of the TFEQ
scores revealed a weak but significant correlation of BMI with
cognitive eating restraint and hunger susceptibility (r; = 0.13,
p < 0.001 and r5 = 0.25, p < 0.001) and a moderate correlation
of BMI with disinhibition of eating (r; = 0.46, p < 0.001). We also
found very weak correlations of WTP with cognitive restraint and
with disinhibition of eating (r; < 0.1, p < 0.001; Figure 1). Hence,
the Spearman correlations of WTP bids with the subjective state
ratings, TFEQ scores and ad libitum consumption level failed to
reveal any strong relationships.

Group Comparisons

The WTP bids (in CHF) of participants with healthy weight
were significantly reduced in the pre-ovulatory compared to the
mid-luteal phase (median 0.95 and 1.10, r = —0.14, p < 0.001),
whereas those of women with obesity did not change significantly
across cycle phases (p = 0.334; Figure 2). Furthermore, group
comparisons within cycle phase showed that the pre-ovulatory
WTP bids were higher in participants with obesity than in
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TABLE 1 | Demographics of the participants fulfilling the inclusion criteria.

Mean + SD Range
Age (y) 25,5+ 4.7 (18-40)
Healthy weight (n = 31) 26.0 £5.0 (19-40)
Obese (n = 25) 249+ 4.4 (18-33)
BMI (kg/m?) 269+ 5.4 (18.8-37.4)
Healthy weight (n = 31) 22.3+21 (18.8-25.9)
Obese (n = 25) 323422 (29.0-37.4)
Cycle length (d) 29+ 2 (25-35)
Healthy weight (n = 31) 28+ 2 (25-32)
Obese (n = 25) 2942 (27-35)
EDE-Q: restraint 1.0+1.0 (0-3.6)
Healthy weight (n = 27) 0.6+0.8 (0-38.2)
Obese (n = 19) 14+1.2 (0-3.6)
EDE-Q: eating concern 0.6+0.8 (0-38.0)
Healthy weight (n = 27) 0.3+0.4 (0-1.4)
Obese (n = 19) 1.1+1.0 (0-3.0)
EDE-Q: shape concern 21+£15 (0-5.4)
Healthy weight (n = 27) 1.3+£08 (0-3.6)
Obese (n = 19) 33+14 (0.8-5.4)
EDE-Q: weight concern 1.8+1.5 (0-5.2)
Healthy weight (n = 27) 09+0.7 (0-2.4)
Obese (n = 19) 3.0+14 (0.4-5.2)
TFEQ: cognitive eating restraint 6.9+4.0 (1-15)
Healthy weight (n = 27) 6.5+4.4 (1-14)
Obese (n = 19) 7.5+35 (2-15)
TFEQ: disinhibition of eating 71 +£3.1 (1-15)
Healthy weight (n = 27) 59432 (1-11)
Obese (n =19) 8.7+ 35 (2-15)
TFEQ: hunger susceptibility 53+36 (0-13)
Healthy weight (n = 27) 46+29 (0-11)
Obese (n = 19) 6.3 + 3.1 (1-13)

Data are mean + SD and range for all 56 participants except as noted. BMI
[weight (kg)/height® (m?)] are the data collected on the two test days. The women
with healthy weight include three women whose BMI increased from below 25 at
screening to between 25 and 26 during the tests, and the women with obesity
include three women whose BMI decreased from above 30 at screening to
between 29 and 30 during the tests.

participants with healthy weight (median 1.00 and 0.95, r = 0.05,
p = 0.012) whereas the mid-luteal WTP bids were lower in
participants with obesity than those with healthy weight (median
1.00 and 1.10, r = 0.07, p < 0.001). Thus, obesity eliminated the
effect of the menstrual cycle on WTP for snack foods that was
evident in women with healthy weight (Figure 2).

On average, the WTP bids for sweet snacks were higher
than the ones for salty snacks (median 1.08 and 0.98, r = 0.13,
p < 0.001). This difference arose in both cycle phases (pre-
ovulatory r = 0.14, p = 0.002 and mid-luteal » = 0.12, p = 0.010)
and weight groups (healthy weight = 0.12, p = 0.010 and obese
r=0.15, p = 0.002). Hence, WTP differed depending on the taste
of the snack foods presented, i.e., sweet or salty.

Generalized Linear Mixed Model
The GLMM outcomes are summarized in Table 2. The
satiety state significantly affected WTPcony (Porrected < 0.01).

Specifically, average WTP,,y,, was higher in fasted compared to
fed satiety state (Z = —5.13, p < 0.001). The predictor snack
type (“taste”) showed a trend-level effect but did not survive
Bonferroni correction. There were two significant interactions
predicting WTP o,y bids (Prorrected < 0.01). The first interaction
was between snack type and cycle phase (Z = 4.27, p < 0.001), the
second one between snack type, cycle phase and BMI (Z = —3.07,
p =0.002). As shown in Figure 3, WTP,,,, was inversely related
to BMI but the strength of the relation depended on cycle phase
and snack type. That is, for both snack types in the mid-luteal
phase and for sweet snacks in the pre-ovulatory phase, mean
WTP,pny decreased similarly from ~0.50 in participants with the
lowest BMI to ~0.35 in participants with the highest BMI. In
contrast, WTP,,,, for salty snacks in the pre-ovulatory phase was
less, ~0.41, in participants with the lowest BMI, and decreased
less steeply, to ~0.37 for participants with the highest BMI.
Furthermore, WTP bids for salty foods were generally higher in
women with lower BMI than with high BMI, especially during the
mid-luteal phase. In contrast, for sweet snacks, WTP bids were
also generally higher in women with lower BMI, but were not
affected by menstrual cycle phase.

DISCUSSION

Food Valuation Depends on Obesity,
Cycle Phase, and Snack Taste

In this study we used a WTP method to measure the subjective
value of snack foods in women with healthy weight or obesity.
We report an inverse relationship between WTP and BMI,
which depends on snack taste and cycle phase. The decreasing
WTP with increasing BMI is opposite to what we found in a
milkshake tasting task, where the same participants’ pleasantness
ratings increased with BMI (Gobbi et al., 2020). This indicates
that the different tasks link to different parts of the reward
and valuation systems. Specifically, rating milkshake pleasantness
is a more sensory or consummatory process, whereas WTP
is a more anticipatory process. Moreover, compared to typical
anticipatory ratings, such as expected satiety (Brunstrom, 2014),
the WTP task is a more complex decision-making and value-
estimation task. Indeed, during the milkshake task our fMRI
data indicated that predominantly hedonic and homeostatic
brain circuits were activated (Gobbi et al., 2020) whereas
WTP has been reported to be associated with activity in
different regions of the prefrontal cortex (Plassmann et al,
2007; Tang et al, 2014). This might reflect involvement of
cognition and value computation in the WTP task, which is
in line with the prefrontal cortex being involved in cognitive
control of goal-directed behavior (Miller and Cohen, 2001).
Relatedly, cognitive restraint of eating may have influenced
WTP bidding of participants with obesity. High cognitive
restraint is positively associated with BMI [e.g., Banna et al.
(2018) and Adams et al. (2019)] and has been reported to
dampen cyclic eating changes (Asarian and Geary, 2013).
We measured a small positive correlation of both WTP
and BMI with the TFEQ score cognitive eating restraint
and the EDE-Q scores Restraint and Eating concern were
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significantly increased in women with obesity. Hence, WTP
of participants with obesity might be lower in part due to
cognitive restraint.

Food Valuation Differs by Cycle Phase
for Salty Snacks

Our findings reveal that valuation appears to be higher for
sweet than for salty snack foods, especially for participants
with obesity and in the pre-ovulatory cycle phase. In contrast,
mid-luteal WTP bids of participants with healthy weight did
not differ by taste. Hence, while the WTP for salty snacks
increased from the pre-ovulatory to mid-luteal cycle phase, the
WTP for sweet snacks did not depend on cycle phase. This
absence of cycle effect for sweet food parallels the findings on
pleasantness of milkshakes (Gobbi et al., 2020). The mid-luteal
increase in women’s value for salty food is in accordance with
an apparent stronger dislike of unsalted popcorn in the luteal
phase compared to the follicular phase (Frye and Demolar,
1994). However, neither intake of nor preference ratings for
salty food changed between menstrual cycle phases (Bowen

and Grunberg, 1990). Thus, further research is required to
assess the relationship between the valuation change and actual
intake of salty foods in snack and non-snack contexts. We
conclude, first, that women’s food valuation differs by taste and,
second, that valuation for salty food but not for sweet food
differs by cycle phase.

Possible Mechanisms

Previous neuroimaging studies demonstrated correlations
between WTP and activity of different brain regions (Plassmann
et al., 2007; Tang et al., 2014). Some of these are associated with
subjective values, reinforcing the idea that the WTP approach
is a valid measure of subjective value (Bartra et al., 2013). We
found that WTP is lower in the pre-ovulatory than in the
mid-luteal phase for participants with healthy weight. In line
with this, another study found that the appeal of food images
was lower in the second week of the menstrual cycle than in
the last week (Frank et al, 2010). Such changes across the
menstrual cycle have also been reported for brain activation
in response to food images and uncertain monetary rewards
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TABLE 2 | The generalized linear mixed model (GLMM) reveals a main effect of satiety state, an interaction of cycle phase with snack taste, and a three-way interaction
of cycle phase with snack taste and BMI to significantly predict WTP¢ony .

Estimate SE Z-statistic P-value
(Intercept) —0.15 [-0.34, 0.09] 0.14 —-1.12 0.264
Mid-luteal —0.04 [-0.21, 0.15] 0.09 —0.40 0.687
AdlibConsum 0.08 [-0.11, 0.25] 0.09 0.86 0.391
BMI —0.15[-0.33, 0.06] 0.10 —1.45 0.146
Salty —0.29 [-0.36, —0.23] 0.12 —2.37 0.018
Fed —0.24 [-0.32, —0.14] 0.05 —-5.13 <0.001%
Day 2 —0.03[-0.18, 0.13] 0.08 —0.36 0.717
AdlibConsum x BMI 0.05[-0.11, 0.22] 0.08 0.65 0.515
Mid-luteal x AdlibConsum 0.10 [-0.09, 0.30] 0.10 1.00 0.319
Mid-luteal x BMI 0.01[-0.18, 0.18] 0.09 0.15 0.878
BMI x Salty 0.08 [-0.01, 0.13] 0.04 2.21 0.027
Mid-luteal x Salty 0.20 [0.09, 0.28] 0.05 4.27 <0.001*
AdlibConsum x Salty —0.04 [-0.11, 0.04] 0.04 —-1.12 0.263
Mid-luteal x AdlibConsum x BMI —0.07 [-0.25, 0.10] 0.09 —-0.73 0.466
Mid-luteal x BMI x Salty —0.15[-0.22, —0.03] 0.05 -3.07 0.002*
Mid-luteal x AdlibConsum x Salty —0.05 [-0.16, 0.04] 0.05 —1.03 0.303
Number of observations: 11,022
BIC: —14655.2

This table illustrates the GLMM results aiming to explain WTPcon, by the different predictors CP (Pre-ovulatory or Mid-luteal), AdlibConsum (Z score), Taste (Sweet or
Salty), BMI (Z score), Satiety (Fasted or Fed), Day (Day 1 or Day 2), and interaction effects among predictor variables, according to Eq. 1. The confidence intervals were
computed for the fixed terms considering the random effect for participants but not items because it was not possible to include both random effects due to algorithmic
limitations of the package used in R. The p-values were obtained using the Wald Z-statistic. Bonferroni-corrected significant effects were found for Satiety (Fed), the
interaction of CP and Taste (Mid-luteal x Salty) as well as the interaction of BMI, CP, and Taste (BMI x Mid-luteal x Salty). Data are mean regression coefficients [95%
Cl] and all continuous regressors were z-scored before entering the model. P-values are uncorrected; *Significant following Bonferroni-correction, Peorrected < 0.01.

(Dreher et al., 2007; Frank et al., 2010). Furthermore, rat
studies have revealed that estrogens enhance striatal dopamine
signaling (Becker and Cha, 1989; Becker, 1999; Yoest et al,
2014). Although neither estrogens nor progestins are sufficient
to explain increased energy intakes in the mid-luteal cycle
phase in women or other anthropoid primates (Asarian
and Geary, 2013), increases in the two hormones have been
associated with increases in emotional eating during the
mid-luteal phase (Klump et al, 2013) and progesterone and
B-estradiol synergized to induce striatal dopamine release in rats
(Yoest et al., 2018).

As described above, WTP bids decreased with increasing
BMI, but changed across the menstrual cycle only in participants
with healthy weight bidding for salty snacks. At least the
former effect may be related to dopamine signaling. The reward
behavior in the group with obesity, which did not depend
on the menstrual cycle, supports results of experiments with
female rats which showed that an obesity-inducing regimen
decreased mesolimbic dopamine transmission (Geiger et al.,
2009). Furthermore, reduced activation of reward-associated
brain regions in individuals with obesity has been shown
in human trials (Carnell et al., 2012), and striatal dopamine
D, receptor expression was lower in individuals with severe
obesity compared to humans with healthy weight (Wang
et al, 2001). Relatedly, long term intake of energy-rich
food (Burger and Stice, 2011) and high saturated-fat diets
(Kleinridders and Pothos, 2019) decrease dopamine signaling
in reward-associated brain areas. Thus, chronic downregulation

of dopamine in certain brain regions of individuals with
obesity may interfere with reward processing, which would
otherwise depend on menstrual cycle. Further research
should address how dopamine signaling affects valuation
of different foods across the menstrual cycle and in women
with different BMIL

Subjective State Ratings and Satiety

State

The GLMM revealed a significant main effect of satiety state
(fed or fasted) as a predictor for WTP,,,. This supports
theoretical approaches suggesting that value-based decision
making depends on hunger (Niv et al., 2006; Rangel et al,
2008) and that the food evaluation process is influenced
by the gut-brain-axis (de Araujo et al, 2020). In apparent
contrast, our correlational analyses suggested that WTP bids
were not substantially related to subjective states. In view of
the interactive effect of BMI, cycle phase and snack taste
revealed by the GLMM, however, it is not surprising that
simple correlational analyses failed. The lower power of non-
parametric correlations may have also contributed. It is also
possible that subjective ratings are weaker measures of food
valuation than our behavioral and fMRI measures. For example,
the weak correlation of satiety ratings and WTP contrasts
with the clear main effect of satiety state as a predictor for
WTP,pny. Additionally, our fMRI analysis revealed increased
striatal and prefrontal activity in participants with obesity
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items, higher average WTP bids are predicted in the mid-luteal compared to the pre-ovulatory cycle phase for participants with low BMI whereas this effect
diminishes with increasing BMI. Control analyses verified that the overall effect was reflected in the data of the individual groups.
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despite their ratings of high satiety and low desire to eat
(Gobbi et al., 2020).

Strengths and Limitations

We used BMI as a metric to discriminate between people
with and without obesity rather than other methods like
dual energy x-ray absorptiometry (DXA) because it remains
a simple and accurate measure for obesity on a population
level (The World Health Organization [WHO], 2022). However,
the association between BMI and body fat content is limited
because BMI does not consider age, physical activity level,
and sex (The World Health Organization [WHO], 2022). Still,
in our study, we controlled for the variables age and sex as
only adult, premenopausal women were included. Moreover,
we asked the participants to fill out the International Physical
Activity Questionnaire (IPAQ) to determine their physical
activity (Craig et al, 2013) because it has been shown that
BMI can be especially inaccurate for individuals with a high
muscle mass, e.g., athletes. Indeed, the literature suggests
that athletes’ food choices are influenced not only by the

commonly found factors taste, convenience, and nutrition
(Birkenhead and Slater, 2015). Sport requires a different type
of energy supply and athletes choose food in order to
optimize their performance (Parraga, 1990; Eertmans et al,
2005; Birkenhead and Slater, 2015). Likewise, weight-conscious
individuals usually prioritize low-energy foods that are helpful
for their diet and body composition compared to more
palatable choices (Birkenhead and Slater, 2015). Thus, we could
expect sports involvement to enhance inhibitory control and
dietary self-control (Wills et al., 2007; Lowe et al, 2016)
and consequentially to decrease the positive evaluation of
food snacks in the WTP task implemented in the study.
The IPAQ allowed us to control for differences in the level
of physical activity between people with obesity and with
healthy weight; on average between groups, we did not find
any. Therefore, we can exclude high BMI due to increased
muscle mass. Furthermore, the difference of body weight in
an average Swiss woman (1.64 m tall; Eglitis-media, 2022)
between a BMI of 22.3 and 32.3 (mean BMI of the two
groups) corresponds to 26.9 kg, which is unlikely to be due to
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differences in muscle mass alone. Hence, in view of these
considerable differences of BMI between groups and the control
for confounding factors such as age, sex, and physical activity,
we considered BMI as a sufficient measure to differentiate
participants with healthy weight from those with obesity. In
general, our inclusion criteria were rather strict in order to
increase the likelihood of detecting causal neuroendocrine effects.
Although we invited only participants with a BMI greater
than 30 or below 25, some participants changed body weight
enough to bring their BMI outside the inclusion criteria. This
was unlikely to be of high importance for the majority of
our analysis in which BMI was used as a continuous variable.
Participants were informed that the study was about steroid
hormones and asked to maintain menstrual cycle records; this
might have promoted response biases related to their beliefs
about menstrual cycle and appetite. Timing may have affected
some outcomes because food preferences are lower in the
morning, when our experiment took place, than later in the
day (Reichenberger et al., 2018). Lastly, other factors, such as
prices, social information, habituation and labels, might have
influenced WTP ratings in our test situation (List and Shogren,
1999; Niv et al.,, 2006; Rangel et al., 2008; Suzuki et al., 2017;
Motoki and Suzuki, 2020). To minimize habituation bias, we
organized the study sessions in random order with respect to
cycle phase. Furthermore, the participants were provided with
all instructions prior to the test sessions and they conducted the
WTP task alone in the scanner.

CONCLUSION

This study aimed to measure food valuation and to investigate
whether it changes with BMI, cycle phase, and taste. Our
major findings were that WTP changes across the menstrual
cycle for participants with healthy weight and for salty food
items. This indicates that obesity research should focus more
on the influences of, first, types of foods and eating occasions
and, second, reproductive hormones on reward processing, in
particular dopamine signaling and anticipatory food valuation.
Furthermore, the reduction in the effect of menstrual cycle
changes on food valuation in women with obesity is a novel
finding which, if reproduced by future studies, may be critical for
future obesity research.
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Objective: Disrupted brain functional asymmetry has been reported in major depressive
disorder (MDD). The comorbidity may be a crucial factor to this functional asymmetry. It
is quite common that gastrointestinal (Gl) symptoms are comorbid with MDD, but limited
evidence focuses on the effect of GI comorbidity on the neuropathology of MDD from a
functional lateralization perspective.

Methods: Resting-state functional magnetic resonance imaging was obtained in 28
healthy controls (HCs), 35 MDD patients with Gl symptoms (GI-MDD patients), and
17 patients with MDD without Gl symptoms (nGI-MDD patients). The parameter of
asymmetry (PAS) was used to analyze the imaging data and evaluate the changes of
functional asymmetry.

Results: The GI-MDD patients showed increased PAS scores in the left inferior frontal
gyrus (IFG) and superior medial prefrontal cortex (MPFC) and decreased PAS scores in
the right postcentral gyrus in comparison with nGI-MDD patients. The PAS scores of
the left IFG and left superior MPFC were correlated with the severity of Gl problems
and could be applied to distinguish GI-MDD patients from nGI-MDD patients with
an accuracy, a sensitivity, and a specificity of 92.31, 100, and 76.47%, respectively.
Furthermore, GI-MDD and nGI-MDD patients both displayed increased PAS scores in
the PCC/precuneus.

Conclusions: This study revealed the influence of concomitant Gl symptoms on
functional asymmetry in MDD patients. Increased PAS scores of the left IFG and
superior MPFC might represent an unbalanced regulation of brain over Gl function
and had the potential to be regarded as distinctive features related to functional Gl
symptoms in MDD.

Keywords: parameter of asymmetry (PAS), major depressive disorder (MDD), gastrointestinal (GI) symptoms,
asymmetry, interhemispheric connectivity
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Altered Functional Asymmetry in GI-MDD

INTRODUCTION

Hemispheric asymmetry is widespread in various species and
of great significance for human perception, emotion, cognition,
and behavior (Guntirkiin et al, 2020). The hemispheric
specialization is advantageous for individuals to efficiently
process information and reduce reaction time. Generally, the
left hemisphere appears to be more specialized for language
and motor coordination, while the right hemisphere is more
relevant to memory and visuospatial attention (Gotts et al., 2013;
Caeyenberghs and Leemans, 2014).

The right-left asymmetry in the process of emotional
information sparks an interest to researchers. Many different
hypotheses of brain lateralization in the emotional processing
were proposed, like the right hemisphere model (the dominance
of the right hemisphere) and the approach-avoidance model (the
opposite dominance of the left hemisphere for approach/positive
affect and the right for avoidance/negative affect) (Gainotti,
2019). But the results of neuroimaging studies suggested that
brain functional lateralization in the emotional process might
be region-specific (Wager et al, 2003; Beraha et al, 2012).
Though the pattern of lateralization in the emotional processing
is still controversial, disrupted functional lateralization has been
reported in depression, a disease with abnormal emotional
processing. A meta-analysis of electroencephalograph (EEG)
studies reported a link of depression to altered resting frontal
asymmetry with a moderate effect (Thibodeau et al., 2006). The
psychosocial risk, especially maternal depression, showed an
association to greater right-sided resting frontal EEG asymmetry
in children (Peltola et al., 2014). These findings indicate that the
anomalous hemispheric asymmetry may be of great importance
for clinical diagnosis and treatment of depression. Bruder et al.
(2017) reviewed electrophysiological and functional magnetic
resonance imaging (fMRI) evidence of brain asymmetry in
depression and revealed abnormalities in brain asymmetry and
lateralized responses to emotional stimuli, but the comorbidity
might be a confound factor to suppress or enhance the alteration
of brain asymmetry.

It is not rare that patients with major depressive disorder
(MDD) are comorbid with other mental or somatic symptoms.
Gastrointestinal (GI) symptoms and decreased appetite are fairly
common manifestations in MDD patients. Over 70% of patients
suffered from concomitant GI symptoms in depressive episodes
(Huang J. et al, 2021). The presence of GI symptoms would
have a negative influence on the course of MDD, contributing to
greater depressive severity (Huang M. H. et al.,, 2021). Previous
studies have reported that the concomitant GI symptoms
in MDD were related to abnormal brain functional activity
(Liu et al., 2020; Yan et al., 2021). Some work in functional
GI disorders also found abnormal functional connectivity in
the patients (Li et al, 2021). But limited studies focused
on the effect of GI comorbidity on the neuropathology of
MDD from a perspective of functional lateralization. Thus,
we intended to investigate the abnormality of brain functional
asymmetry in MDD patients with GI discomfort for a better
understanding of the neuropathological influence of comorbid
with GI symptoms on MDD.

We employed parameter of asymmetry (PAS) to reflect the
change of functional asymmetry. PAS is a novel voxel-wise
quantitative index defined as the difference of functional
connectivity (FC) of the given voxel between voxels in
contralateral and ipsilateral hemisphere. According to a
previous study, both intra- and inter-hemispheric connectivity
should be taken into consideration when assessing hemispheric
specialization (Mueller et al., 2015). The communication and
coordination between two hemispheres are of great significance
for efficient process of complex and complementary cognitive
tasks (Hoptman and Davidson, 1994; Guntiirkiin et al., 2020).
PAS has been applied in exploring the anomalous asymmetry
in many psychiatric disorders (Zhu et al.,, 2018, 2019; Su et al.,
2020; Ding et al., 2021; Jia et al., 2021). In the present study,
we investigated functional asymmetry in MDD patients with
concomitant GI symptoms with this novel approach.

MATERIALS AND METHODS

Participants
This study included 28 healthy controls (HCs) and 52 MDD
patients following the DSM-5 criteria. Based on the existence
of GI symptoms, 52 patients were classified as GI-MDD (MDD
with at least one GI symptoms, n = 35) or nGI-MDD (MDD
without GI symptoms, n = 17) patients. The GI symptoms mainly
included medically unexplained nausea, vomit, constipation,
diarrhea, gastralgia, heartburn, flatulence, and so on. All
participants were Han Chinese and right-handed. Participants
with organic digestive diseases, neurological disorders, severe
physical diseases, brain structural abnormalities, pregnancy, and
history of substance abuse or MRI scanning contraindications
were excluded. HCs had no history of psychotic symptoms and
were ruled out if they or their relatives had a history of mental
disorders. All included patients scored 17 points or above in the
17-item Hamilton Rating Scale for Depression (HRSD-17) and
had no history of antidepressants or electroconvulsive therapy.
The severity of clinical symptoms of patients was assessed by
HRSD-17 from the following five aspects: retardation symptoms
(items 1, 7, 8, and 14), cognitive disturbances (items 2, 3, and
9), insomnia (items 4, 5, and 6), anxiety/somatization (items 10,
11, 12, 13, 15, and 17), and weight loss (item 16). The severity
of GI symptoms was evaluated by GI symptoms item (item
12) in the HRSD-17.

This study was approved by the Medical Research Ethics
Committee of the Second Xiangya Hospital of Central South
University. All participants provided written informed consents.

Image Acquisition and Data

Preprocessing

Scanning was conducted on a Siemens 3.0T scanner, with
headphones and foam padding to minimize head motion
and scanner noises. Participants were instructed to remain
motionless, close their eyes, and stay awake during scan. Echo
planar imaging sequence was employed to obtain functional
magnetic resonance imaging (fMRI) data with the following
parameters: repetition time/echo time = 2,000 ms/30 ms,
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flip angle = 90°, field of view = 240 mm x 240 mm,
matrix = 64 mm X 64, 4 mm slice thickness, 0.4 mm gap, 30 slices,
number of volumes = 250.

The images were preprocessed by the Data Processing
Assistant for Resting-State fMRI (DPARSF) software package
(Yan and Zang, 2010). After removing the initial 10 volumes,
slice-timing correction and head motion correction were
conducted. Participants with excessive head movement (maximal
translation > 2 mm or maximal rotation > 2°) would be
excluded. The images were spatially normalized to a standard
Montreal Neurological Institute template and resampled to
3mm X 3 mm X 3 mm. A 4-mm Gaussian kernel of full-
width at half-maximum was used in smoothing. Friston-24 head
motion, signals of cerebrospinal fluid, and white matter were
regressed out. After bandpass-filtered (0.01-0.08 Hz) and linearly
detrended, the images were scrubbed (framewise displacement
threshold of 0.2 mm).

Parameter of Asymmetry Calculation
As described in previous studies (Zhu et al., 2018; Ding et al.,
2021), the calculation of PAS scores followed the formula:

PAS = FCinter - FCintra

FCinter and FCiyy, refer to interhemispheric FC and
intrahemispheric FC, respectively. FCiy, is defined as the mean
FC (Fisher’s Z-transformed) of a given voxel between other voxels
in the contralateral hemisphere, whereas FCijy, is the mean FC of
the given voxel between the voxels in the ipsilateral hemisphere.
Negative correlations were not included in calculation for their
damaging effect on reliability (Wang et al., 2011). A threshold of
r > 0.2 was set to remove weak correlations possibly resulting
from signal noises (Wang et al., 2013).

Statistical Analysis
Two-sample -tests, one-way analyses of variance, and chi-square
test were used to analyze demographic and clinical data based

on the scale of measure. A threshold of p < 0.05 was set as the
significant level.

PAS scores were compared by using analyses of covariance
(ANCOVA) across three groups, followed by post hoc t-tests for
multiple comparison, with age, gender, years of education, and
the mean framewise displacement as covariates. A threshold of
p < 0.05 was set as the significant level for the false discovery
rate correction.

The PAS scores of clusters showed significant group
differences were extracted for further correlation and support
vector machine (SVM) analysis. Spearman correlation followed
by the Benjamini-Hochberg correction was used in correlation
analysis between the extracted PAS scores and clinical variables
in the patients. SVM analysis was applied to examine whether
the extracted PAS scores were capable of discriminating GI-
MDD and nGI-MDD patients. The analysis employed a
“leave-one-out” strategy using the LIBSVM software package
(Chang and Lin, 2011).

RESULTS

Demographic and Clinical

Characteristics

No participant was excluded because of excessive head
movement. As demographic and clinical details presented
in Table 1, there was no apparent difference in age, sex ratio,
and years of education across three group. Two patient groups
had no significant differences in illness duration. Relative to
nGI-MDD patients, GI-MDD patients experienced more severe
depressive symptoms, indicated by higher HRSD-17 scores,
particularly in the factors of anxiety/somatization, weight loss,
and sleep disturbance.

Group Differences
ANCOVA results revealed significant PAS differences in
predominantly left hemisphere. Basically, the regions with

TABLE 1 | Demographic and clinical characteristics of the participants.

GI-MDD nGI-MDD HCs Ft Post hoc t-tests or

(n =35) (n=17) (n =28) or x2 value p-values
Age (years) 30.86 + 6.84 30.29 + 8.05 30.14 4+ 5.00 0.102 0.902
Gender (male/female) 13/22 6/11 14/14 1.377 0.50°
Education (years) 14.51 £ 3.28 12.94 + 3.46 14.61 £ 2.69 1.797 0.178
liness duration (months) 6.23 + 4.63 6.94 + 3.98 0.544 0.59°¢
HRSD-17 scores 22.69 + 3.41 20.18 + 2.67 0.89 4+ 0.88 585.979 GI-MDD > nGI-MDD > HC
Anxiety/somatization 7.31£1.92 6.41 £ 1.66 0.39 £ 0.57 174.531 GI-MDD > nGI-MDD > HC
Weight loss 0.80 + 0.83 0.06 + 0.24 0 18.741 GI-MDD > nGI-MDD, HC
Cognitive disturbance 3.71+1.78 3.414+1.50 0 64.213 GI-MDD, nGI-MDD > HC
Retardation 6.40 +1.42 6.76 + 1.56 0.18 £ 0.39 253.030 GI-MDD, nGI-MDD > HC
Sleep disturbance 4.46 +1.42 3.58+1.28 0.32 + 0.55 103.570 GI-MDD > nGI-MDD > HC

GI-MDD, major depressive disorder with gastrointestinal symptoms; HCs, healthy controls; HRSD-17 scores, 17-item Hamilton Rating Scale for Depression; nGI-MDD,

major depressive disorder without gastrointestinal symptoms.
aThe p-value was obtained by analyses of variance.

bThe p-value was obtained by a chi-square test.

¢The p-value was obtained by two-sample t-tests.

Frontiers in Neuroscience | www.frontiersin.org

February 2022 | Volume 15 | Article 797598


https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Fuetal.

Altered Functional Asymmetry in GI-MDD

FIGURE 1 | Brain regions showing significantly different PAS scores across three groups. The color bar indicates F values based on ANCOVA. The results were FDR
(false discovery rate) corrected at p < 0.05. PAS, parameter of asymmetry; ANCOVA, analysis of covariance.

PAS alterations mainly located in the default mode network
(DMN) and left frontoparietal network, including the left
parahippocampal gyrus, left caudate, bilateral middle temporal
gyrus (MTG), and dorsolateral prefrontal cortex. Widespread
regions of visual network such as the fusiform and some parts of
the cerebellum also exhibited significant differences (Figure 1).

GI-MDD patients, relative to nGI-MDD patients, exhibited
increased PAS scores in the left inferior frontal gyrus (IFG)
and left superior medial prefrontal cortex (MPFC). Moreover,
a reduction in PAS was observed in GI-MDD patients in the
right postcentral gyrus of the somatomotor network (Table 2 and
Figure 2).

Comparing to HCs, increased PAS scores were shown in
GI-MDD patients in the bilateral posterior cingulate cortex
(PCC) and precuneus, which are key components of the DMN.
Higher PAS scores were also found in the right cuneus of
the frontoparietal network in the GI-MDD group. Left insula,
bilateral thalamus, and left cerebellum Crus I showed decreased
PAS scores in GI-MDD patients relative to HCs (Table 2 and
Figure 3).

Similar to GI-MDD group, increased PAS scores were found
in the left PCC/precuneus in nGI-MDD patients relative to HCs.
Decreased PAS scores were displayed in the bilateral superior
MPEFC, left IFG, and left insula (Table 2 and Figure 4).

Correlation Analysis
For all MDD patients, their PAS scores of the left IFG and
superior MPFC were positively correlated with the severity of

GI symptoms and weight loss. Additionally, the severity of
GI symptoms and insomnia was negatively correlated to the
PAS scores of the right postcentral gyrus (Figure 5). Although

TABLE 2 | Significant PAS differences across groups.

Cluster location Peak (MNI) Number of voxels T-value
X y z

GI-MDD vs. nGI-MDD

Left IFG -39 36 12 61 4.0821

Left superior MPFC —6 24 57 162 4.2209

Right postcentral gyrus 27 -39 &7 67 —4.2251

GI-MDD vs. HCs

Bilateral PCC/precuneus -6  —57 15 102 4.0477

Right cuneus 9 —75 42 70 3.9449

Left insula -33 15 6 76 —4.0040

Bilateral thalamus 9 —-30 9 96 —4.2195

Left cerebellum Crus1 -39 -57 =30 42 —3.9492

nGI-MDD vs. HCs

Left PCC/precuneus —-18 —-69 9 361 4.2542

Left IFG/insula —51 24 9 17 —3.9871

Bilateral superior MPFC 6 36 60 65 -3.6197

GI-MDD, major depressive disorder with gastrointestinal symptoms,; HCs,
healthy controls; IFG, inferior frontal gyrus; MNI, Montreal Neurological Institute;
MPFC, medial prefrontal cortex; nGI-MDD, major depressive disorder without
gastrointestinal symptoms,; PCC, posterior cingulate cortex.
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FIGURE 2 | Regions with significantly different PAS scores in comparison
between GI-MDD and nGI-MDD patients without Gl symptoms. The color bar
indicates the T-values from post hoc t-tests. GI-MDD, major depressive
disorder with gastrointestinal symptoms; nGI-MDD, major depressive disorder
without gastrointestinal symptoms; PAS, parameter of asymmetry.

potential inverse associations were found between the scores of
weight loss and the PAS scores of the right postcentral gyrus, as
well as between the severity of retardation symptoms and the PAS

scores of the left superior MPFC, their significances did not pass
the Benjamini-Hochberg correction.

No correlation was found between clinical variables and PAS
scores in GI-MDD or nGI-MDD patients after the Benjamini-
Hochberg correction.

Support Vector Machine Results

Based on the results of group differences between GI-MDD and
nGI-MDD, we performed the SVM analysis using the PAS scores
of the left IFG, left superior MPFC, and right postcentral gyrus as
features. As detailed results shown in Table 3, a combination of
the left IFG and left superior MPFC reached a highest accuracy
of 92.31%, with a sensitivity of 100% and a specificity of 76.47%
(Figure 6). When combining the PAS scores of these three
clusters to discriminate the GI-MDD and nGI-MDD patients,
the accuracy, sensitivity, and specificity were 90.38, 100, and
70.59%, respectively.

DISCUSSION

This study investigated the effect of GI symptoms on functional
asymmetry in first-episode, treatment-naive MDD patients. In
comparison across three groups, we found that the regions with
significant differences were dominantly distributed in the left
hemisphere and involved multiple brain networks including the
DMN, visual network, frontoparietal network, and cerebellum.
Increased PAS scores in the left IFG and left superior MPFC and
decreased PAS scores in the right postcentral gyrus were found

FIGURE 3 | Regions with significantly different PAS scores in GI-MDD patients compared to HCs. The color bar indicates the T-values from post hoc t-tests.
GI-MDD, major depressive disorder with gastrointestinal symptoms; HCs, healthy controls; PAS, parameter of asymmetry.
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FIGURE 4 | Regions with significantly different PAS scores in nGI-MDD
patients compared to HCs. The color bar indicates the T-values from

post hoc t-tests. HCs, healthy controls; nGI-MDD, major depressive disorder
without gastrointestinal symptoms; PAS, parameter of asymmetry.

in comparison between GI-MDD and nGI-MDD patients. The
PAS scores of the left IFG and left superior MPFC were correlated
with the severity of GI problems and, more importantly, they
could better meet the requirment of discrimination between
GI-MDD and nGI-MDD patients. In addition, increased PAS

scores in the PCC/precuneus were found in both GI-MDD and
nGI-MDD patients.

The nGI-MDD patients showed decreased PAS scores in the
left IFG and left superior MPFCs compared to GI-MDD patients
and HCs, which indicated both MDD and GI symptoms had
potential influence on the alterations of function asymmetry of
these regions. Compared to HCs, the nGI-MDD group had lower
PAS scores in the left IFG and the bilateral superior MPFC, which
indicated that these brain regions had stronger intrahemispheric
FC and/or weaker interhemispheric FC possibly related to
depression. However, the existence of GI symptoms changed the
functional asymmetry of the left IFG and left superior MPFC to
the other direction. These results indicated that either increased
lateralization or increased interhemispheric connectivity might
account for disrupted functions.

Lateralization as a feature occurring in various vertebrate and
even invertebrate species was suggested to offer considerable
advantages for individuals. For instance, brain functional
asymmetry may increase neural capacity by reducing functional
redundancy and conflicts between hemispheres (Vallortigara,
2006). In addition, the dominance of one hemisphere can
leave the other hemisphere free to have an advantage of
other functions, thereby helping to perform parallel processing
of functionally separate tasks (Gerrits et al., 2020). Atypical
asymmetry was reported to have an association with poor
cognitive function (Gerrits et al, 2020) and a variety of
neuropsychiatric disorders, such as schizophrenia (Sun et al,
2017), autism spectrum disorder (Carper et al., 2016), and
attention deficit/hyperactivity disorder (Ahmadi et al., 2021).

Although the lateralization is more advantageous to process
information efficiently, it did not mean that a reduced PAS
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TABLE 3 | Support vector machine results of discrimination between GI-MDD patients and nGI-MDD patients by using PAS scores.

Brain region(s) Accuracy Sensitivity Specificity

Left IFG 78.84%(41/52) 100%(35/35) 35.29%(6/17)
Left superior MPFC 76.92%(40/52) 85.71%(30/35) 58.82%(10/17)
Right postcentral gyrus 78.85%(41/52) 91.43%(32/35) 52.94%(9/17)
Left IFG + left superior MPFC 92.31%(48/52) 100%(35/35) 76.47%(13/17)
Left IFG + right postcentral gyrus 82.69%(43/52) 97.14%(34/35) 52.94%(9/17)
Left superior MPFC + right postcentral gyrus 84.62%(44/52) 94.29%(33/35) 64.71%(11/17)
Left IFG + left superior MPFC + right postcentral gyrus 90.38%(47/52) 100%(35/35) 70.59%(12/17)

GI-MDD, major depressive disorder with gastrointestinal symptoms; IFG, inferior frontal gyrus, MPFC, medial prefrontal cortex; nGI-MDD, major depressive disorder
without gastrointestinal symptoms; PAS, parameter of asymmetry; SVM, support vector machine.

A

Accuracy(%)

log2g

log2c

symptoms; PAS, parameter of asymmetry; SVM, support vector machine.

FIGURE 6 | The visualization of SVM classification using the combination of the PAS scores of the left IFG and left superior MPFC. (A) SVM parameter result of 3D
view and (B) classified map of the results. Green asterisks represent the GI-MDD patients, and red crosses represent nGI-MDD patients. GI-MDD, major depressive
disorder with gastrointestinal symptoms; IFG, inferior frontal gyrus; MPFC, medial prefrontal cortex; nGI-MDD, major depressive disorder without gastrointestinal
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score is definitely better. The connectivity between the two
hemispheres is of great importance. The two hemispheres
are connected by commissural system, by which neural
information is exchanged between the left and the right
half of brain. The commissures were necessary for the
construction of functional asymmetry. It was proposed that
one hemisphere could send excitatory or inhibitory neural
information to the other hemisphere to reduce or enhance
functional asymmetry through the commissural system (Bloom
and Hynd, 2005). The interhemispheric transfer of multiple
types of information, such as perceptual and motor information,
would be severely impaired if the corpus callosum was fully
severed (Gazzaniga, 2005). Likewise, emotional processing is
under the influence of the commissural system. Subjects
responded faster and more accurately to the faces with
complex social emotions presented in the bilateral visual fields
than in unilateral conditions, suggesting the advantage of
interhemispheric cooperation in emotional processing (Tamietto
et al, 2007). Disrupted interhemispheric connectivity was
observed in functional anomalies and multiple psychiatric
disorders. The schizophrenic and depressed patients showed

altered transcallosal connectivity measured by interhemispheric
signal propagation (Hui et al., 2021).

Some researchers proposed that one hemisphere would
recruit the other hemisphere to increase processing power
when its capability was not adequate for a given task
(Banich and Belger, 1990). Therefore, increased interhemispheric
connectivity or reduced functional asymmetry might be the
manifestation of interhemispheric recruitment for compensation
of disturbed functions. It was found in older individuals
with functional deficiency of dominant hemisphere that the
hemispheric asymmetry reduced (Cabeza, 2002). A study in mice
indicated that interhemispheric interaction might be involved
in remodeling of cortical plasticity if unilateral cortical sensory
input was partially deprived (Jablonka et al., 2021). Another
animal study in rats found that the interhemispheric FC was
significantly reduced after stroke alongside serious deficits of
sensorimotor function and subsequently restored during the
recovery period of sensorimotor function (van Meer et al., 2010).
A human study reported similar results that interhemispheric
interaction played a crucial role in rehabilitation (Chen
et al., 2021). When subjects needed to respond to the faces
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with complex social emotion presented in the left or right
visual field, the finding of no difference between unilateral
presentations might support the hypothesis of interhemispheric
recruitment, because the perception of basic emotion is right-
lateralized (Tamietto et al.,, 2006, 2007). Therefore, increased
interhemispheric might be a kind of complementary mechanism
to counteract the functional deficiency. Given the perspectives
of functional segregation and region-specific process in emotion,
the alterations of functional asymmetry in specific regions might
give us more information to understand the significance of
altered functional asymmetry.

The left IFG and bilateral superior MPFC showed decreased
PAS scores in nGI-MDD patients relative to HCs, that is,
stronger intrahemispheric FC and/or weaker interhemispheric
FC. IFG, a component of the semantic system, also involved
in perceiving emotional expressions, is regarded as a region
of integrating semantic content and emotional signals in
communication. Several neurocognitive studies regarded IFG
as a key node in process of affective voices (Schirmer and
Kotz, 2006; Belyk et al., 2017). A meta-analysis study of IFG
revealed that the perception of semantics was strongly left-
lateralized, but emotional perceptions did not show lateralization
(Belyk et al., 2017). Therefore, the exacerbated left lateralization
of IFG, represented by decreased PAS scores in the left IFG
might indicate a dysfunctional emotional perception when
perceiving semantics with emotion. The superior MPFC, as
a crucial component of the DMN, with close connection
to both emotional modulation and interoception, was found
to be involved in MDD (Zhou et al., 2010). A previous
study investigating interhemispheric connectivity between the
homotopic voxels of the two hemisphere using voxel-mirrored
homotopic connectivity (VMHC) reported reduced VMHC of
MPEC in MDD patients (Guo et al.,, 2013). The lower VMHC
was correlated with poorer performance in Wisconsin Card
Sorting Test (Guo et al., 2013). Decreased PAS scores of the
superior MPFC in both hemispheres probably was attributed to
the reduced interhemispheric connectivity.

However, the occurrences of GI discomfort led to increased
PAS scores of the left IFG and left superior MPFC, along with
decreased PAS score in the right postcentral gyrus. These aberrant
functional asymmetries were not only correlated with the severity
of GI dysfunction, but also could draw a clear distinction between
GI-MDD and nGI-MDD. The MPFC could be activated by
stress and regulated stress-related corticosterone secretion and
autonomic function. Additionally, portions of cortical neurons
in control of parasympathetic output of stomach are located
in MPFC (Levinthal and Strick, 2020). A review concerning
stress-induced gastric mucosal lesion has reported the role of
MPEC in regulating gastric dysfunction (Zhao et al., 2020). An
early study in rats found that bilateral or right lesions, but not
the left lesion, of MPFC could reduce plasma corticosterone
level and impair gastric stress pathology in the development of
gastric ulcer. The lesion of left MPFC could result in stronger
emotional and autonomic reactivity in restraint stress, which
suggested that the right MPFC facilitated these physiological
stress responses and the left MPFC regulated these responses
(Sullivan and Gratton, 1999). Therefore, increased PAS scores

in the left MPFC might suggest a recruitment to regulate the
stress-induced gastric pathology.

The finding of increased PAS scores in the left IFG in
comparison between GI-MDD and nGI-MDD patients has
intrigued us. A previous study reported that ingestion could
increase the cerebral blood flow in the bilateral IFG, implying
that IFG might play a role in satiety (Camps et al, 2018).
The right IFG was associated with peptide YY, a gut-derived
hormone in regulating multiple GI function, including GI
motility, secretion, and absorption (Weise et al., 2012; El-Salhy
et al., 2020). Moreover, nausea induced by visual stimulation
could activate the activity in the right IFG, but activity of
the left IFG predominated when using transcutaneous electrical
acupuncture to treat nausea (Sarosiek et al., 2017). This issue
indicated that functional asymmetry of IFG might be involved
in regulation of GI function, and increased PAS scores of the
left IFG in our study might be on account of interhemispheric
recruitment to regulate the GI dysfunction.

The postcentral gyrus showed significant differences in
comparison between GI-MDD and nGI-MDD patients. The
postcentral gyrus is a key component of sensorimotor network
and contributes to the process of visceral stimulation. The cortical
thickness of primary somatosensory cortex was associated with
pain intensity in female irritable bowel syndrome (IBS) patients
(Grinsvall et al., 2021). Previous studies have reported aberrant
activity and function of sensorimotor network in functional GI
disorders (Mayer et al., 2009; Duan et al, 2021; Liu G. et al,
2021). Moreover, we observed that altered PAS scores in the right
postcentral gyrus had inverse correlation to sleep disturbance in
MDD, implying that FC of postcentral gyrus corresponded with
sleep quality, which was consistent with previous studies (Huang
et al., 2012; Klumpp et al., 2018).

In both GI-MDD and nGI-MDD groups, we found increased
PAS scores in the left PCC/precuneus. A previous study of
our group using a large sample dataset from the REST-meta-
MDD project, the largest MDD resting-state fMRI database,
also reported increased PAS scores in the left PCC and
precuneus (Ding et al., 2021). These results suggested stronger
interhemispheric FC and/or weaker intrahemispheric FC in the
left PCC and precuneus in MDD patients. Most studies using
VMHC found decreased homotopic connectivity in the PCC and
precuneus in MDD patients (Guo et al., 2013; Fan et al.,, 2018;
Shan et al., 2021), though some increased VMHC was reported
(Zhao et al, 2021). The inconsistency between these findings
and our results might result from different analysis method.
The focuses of VMHC and PAS were different. Specifically, the
former shows an interest in abnormal interhemispheric FC and
only limits to homotopic voxels, whereas the latter expresses
interest in the change of functional lateralization. Therefore, it is
not surprising that these findings pointed to conflicting results.
Both PCC and precuneus are key regions of DMN and were
implicated in the introspective processes (Broyd et al., 2009). The
altered functional asymmetry in PCC and precuneus suggested
less lateralization of these regions in depression.

Moreover, we found decreased PAS scores in the bilateral
thalamus, left insula, and cerebellum Crus I and increased PAS
scores in the right cuneus in GI-MDD patients compared to HCs,
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which suggested altered connectivity involved in depression. But
these abnormalities of functional asymmetry were only presented
in comparison between GI-MDD and HCs, not between nGI-
MDD and HCs, suggesting that the occurrence of GI symptoms
had influence on functional asymmetry to some extent. Many
studies have found that these regions have connections with
functional GI disorders (Mayer et al., 2009; Tillisch et al., 2011).
The insula was considered as an important region in functional
GI disorders, as its role in integrating multimodal sensory
information and processing multiple types of information related
to visceral sensory, emotional pain, etc. The right insula was
considered to have high association with visceral afferent;
thus, left-lateralized insula might have adverse effect on the
experience of visceral feelings (Mayer et al., 2009). Given that
no significant correlation was found between these changes and
clinical variables, these abnormalities of functional asymmetry
need to be taken with more caution.

Some limitations should be noted. Firstly, we did not
categorize the GI-MDD patients based on the types of their
GI symptoms in consideration of the small sample size. It
would be better to include more nGI-MDD patients since the
sample size of GI-MDD group was twice the size of nGI-MDD
group. Secondly, this is a cross-sectional study. Although we
thought the increased interhemispheric connectivity might be
a kind of compensation to counteract the disrupted function,
further longitudinal research is required to elucidate that
these alterations of functional asymmetry are the cause or the
consequence of functional deficiency. Thirdly, as some previous
studies, we only used the GI item in the HRSD-17 to evaluate
the severity of GI symptoms (Liu et al., 2020; Liu P. et al,
2021). But a more specific evaluation of GI symptoms would be
an ideal approach.

CONCLUSION

In summary, this study revealed the influence of concomitant GI
symptoms on functional asymmetry in MDD patients. Increased
PAS scores of the left IFG and superior MPFC might represent
unbalanced regulation of brain over GI function and had the
potential to be regarded as distinctive features in patients with
MDD concomitant GI discomfort.
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Acupuncture is an effective therapy for functional dyspepsia (FD). However, the efficacy
of acupuncture in the treatment of FD varies among individuals in clinical practice. This
study aimed to reveal the brain response patterns in acupuncture higher response/lower
response FD patients. Firstly, we performed a within-group comparison of brain function
activity before and after acupuncture treatment in 115 FD patients and analyzed the
correlation between brain function activity changes and clinical improvements. Secondly,
115 subjects were divided into the acupuncture higher response group or the lower
response group based on the median clinical improvement values. The changes in
functional brain activity after acupuncture treatment were investigated in these two
groups, respectively. Finally, the identified brain regions associated with the clinical
improvements were set as regions of interest (ROI), and the ROI-to-voxel functional
connectivity comparisons were also performed in both groups, respectively. The results
demonstrated that the functional activities of the left cerebellum inferior, right middle
temporal gyrus, and right medial prefrontal cortex (mPFC) were increased, and the
left Heschl and right middle cingulate cortex were decreased in 115 FD patients after
acupuncture treatment. The functional connectivity changes of mPFC were correlated
with improving the Nepean Dyspepsia Symptom Index. The significant increase in mPFC
functional activity was also found in acupuncture higher response FD patients but not in
lower response FD patients. The functional connectivity between the mPFC and default
mode network (DMN) was significantly diminished in the higher response group but
not in the lower response group. In conclusion, this study suggested that modulating
the functional activity of the mPFC and its connectivity to the DMN may be one of the
important mechanisms of acupuncture for treating FD with a higher response.

Keywords: acupuncture, functional dyspepsia, curative effect, fMRI, mPFC, DMN

INTRODUCTION

As a functional gastrointestinal disorder (FGID) with high prevalence in the general population
(Enck et al., 2017), functional dyspepsia (FD) is characterized by postprandial fullness, early
satiation, epigastric pain, or burning (Ford et al., 2020). FD significantly affects the quality of life
(QoL) of patients and families, results in severe medication overuse, and leads to substantial social
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and financial burdens (Black et al.,, 2020; Oh et al., 2020).
However, due to its complex etiology and unclear pathogenesis,
the curative effect of FD is unsatisfactory (Ford et al., 2020),
so efforts in seeking effective alternative therapies attract both
patients and practitioners.

Acupuncture has been used to treat gastrointestinal symptoms
for several millennia in China and some other Asian countries.
It is increasingly accepted as an alternative treatment for FGIDs
in western countries (Wang et al., 2021). In clinical practice, the
efficacy of acupuncture in the treatment of FD varies among
individuals (Yang et al., 2020). The varying effectiveness may
be related to the different responses to acupuncture treatment.
Therefore, it is necessary to explore the mechanism of the
acupuncture effect to improve clinical efficacy.

The brain-gut axis is a conception of nerve anatomy. The
central nervous system and myenteric nervous plexuses have a
bidirectional connection that affects functions such as sensation
and movement. With the development of neuroimaging
technology, the study of the brain-gut axis is not limited
to animal experiments. Non-invasive and high spatial and
temporal resolution techniques, such as functional magnetic
resonance imaging (fMRI), support brain-gut interaction
studies based on human beings. For example, through fMRI
techniques, studies have identified changes in brain activity
in the medial prefrontal cortex, orbitofrontal cortex, cingulate
gyrus, hippocampus, precuneus, and temporal pole in FD
patients compared with healthy subjects (Liu et al., 2013; Chen
et al, 2018; Qi et al, 2020). Thus, the Rome criteria have
defined FD as a disease with abnormal brain-gut interaction
(Drossman, 2016). In addition, these neuroimaging techniques
have also been widely used to study the mechanisms of
acupuncture treatment for FD. Multiple neuroimaging studies
demonstrated that acupuncture treatment not only improved
clinical symptoms (postprandial fullness, upper abdominal
bloating, and early satiation) but also significantly modulated
the abnormal brain function in FD patients, such as the
posterior cingulate cortex, insula, and hippocampus, etc. (Zeng
et al,, 2015; Wang et al, 2020; Yang et al., 2020). However,
whether the key to the therapeutic effects of acupuncture
is related to the activity of some brain regions requires
further research.

Therefore, based on the hypothesis that the brain response
of acupuncture higher response FD patients is different
from that of lower response patients, the present study
aimed to (1) investigate the brain activity changes elicited
by acupuncture treatment in all enrolled FD patients and
analyze the correlation between symptom improvements and
brain activity changes to explore the potential key regions
involved in acupuncture treatment; (2) compare the differences
in brain activity changes between the higher group (group
exhibiting higher responses to acupuncture treatment) and the
lower group (group exhibiting lower responses to acupuncture
treatment) to verify further the key regions involved in
acupuncture treatment; and (3) investigate the changes of
connectivity pattern of the key regions in the higher response
group, to explore the central mechanism of acupuncture
for treating FD.

MATERIALS AND METHODS

This study is a secondary data analysis study. The data
originate from two randomized controlled neuroimaging trials
with acupuncture treatment for FD (The Chinese Clinical Trial
Registry: ChiCTR-IOR-15006402 and ChiCTR-IOR-15006523)
(Yin et al., 2017; Sun et al., 2018, 2021).

Patients

A total of 115 FD patients from the two studies mentioned
above were included in this study. All FD patients were from
the outpatient department of the Affiliated Hospital of Chengdu
University of Traditional Chinese Medicine and the campus
of Chengdu University of Traditional Chinese Medicine. FD
patients were enrolled if they fulfilled the following inclusion
criteria: (1) they match the Rome III criteria for functional
dyspepsia and postprandial distress syndrome, (2) they are right-
handed and aged 18 to 45 years old, (3) they are not attending
any other clinical trials in last 3 months, and (4) they provide
written informed consent. Patients were excluded if they: (1) had
esophagitis, gastric atrophy, or erosive gastroduodenal lesions
on endoscopy; cholecystitis; and gallstones; (2) were pregnant
or lactating; (3) were suffering from cardiovascular, renal, or
respiratory illnesses or other organic diseases; (4) had a history
of psychiatric and neurological disorders or head trauma with
loss of consciousness; or (5) were using dynamic gastrointestinal
medicine or received acupuncture treatment during the last 15
metal stents or electronic implant, intraocular metal foreign
body, claustrophobia, hyperpyrexia, etc. (Yin et al., 2017; Sun
etal, 2018).

Acupuncture Interventions

The 115 FD patients received the 20 sessions’ acupuncture
treatment over 4 weeks (five sessions per week). In each week,
acupuncture was performed once per day for 5 days continuously,
with 2-day intervals to the next week. In each session, patients
received manual acupuncture treatment with disposable sterile
stainless-steel needles (25-40 x 0.25 mm; Suzhou Hua Tuo
Medical Instrument Co., Ltd., China) for 30 min. Acupuncture
treatment was performed by two licensed acupuncturists with
experience of over 3 years. In the two original studies, one study
used acupuncture ST36 combined with CV12 as the treatment
group and acupuncture ST36 and acupuncture CV12 as the
control groups, respectively; the other study used acupuncture
ST36 with Deqi as the treatment group and without Deqi as the
control group, respectively (Yin et al., 2017; Sun et al., 2018).

Outcome Measurements

The outcome measurements of the two studies included the
Nepean Dyspepsia Symptom Index (NDSI) and Symptom Index
of Dyspepsia (SID). The NDSI is a dyspepsia-specific index
used to measure the dyspepsia symptoms over the previous
14 days. The scale measures the frequency, intensity, and level
of discomfort of 15 upper gastrointestinal symptoms. It includes
interference (13 items), knows/control (7 items), eats/drink (3
items), and sleep/disturb (2 items), and higher scores indicate
more severe symptoms and poorer QoL. The SID includes
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the evaluation of four primary symptoms of FD, including
postprandial fullness discomfort, early satiety, epigastric pain,
and epigastric burning. The scoring of each item from none to
severe is 0-3, with 0 indicating no symptoms, 1 indicating mild
symptoms, 2 indicating moderate symptoms, and 3 indicating
severe symptoms. The total score of four items evaluated the
symptom severity of FD patients.

fMRI Data Acquisition

All 115 FD patients received two fMRI scans, performed at
baseline and after treatment. The parameters and sequences of
the two fMRI scans were the same in all FD patients (Yin et al.,
2017; Sun et al., 2018).

Data Analysis

fMRI Data Processing

The fMRI data preprocessing was performed using SPM12
(SPM12') and DPARSF 4.5%. The procedure was conducted as
follows: (1) The first 10 time points of the fMRI scan for each
subject were discarded, and the retained data were corrected
for slice timing and rearranged. (2) The functional image and
T1 image were repositioned with six rigid body parameters and
registered in the functional space together with segmentation. (3)
The structural image was segmented uniformly and normalized.
(4) White matter and cerebrospinal fluid signals were regressed
with the Friston 24-parameter model, and the head motion
was corrected again. (5) The image was resampled into a 3-
mm cube element and then smoothed with a Gaussian kernel
with a half-maximum width of 6 mm. (6) The imaging data
were time filtered (0.01-0.08 Hz) to eliminate the effects of
extremely low-frequency drift and high-frequency noise (such
as respiration and heart rhythm) and generate fALFF map. (7)
Conversion of an fALFF map to a zfALFF map using a normal
Z transform.

Clinical Data and Correlation Analysis

Paired t-tests (normal distribution) or Wilcoxon signed rank
tests (non-normal distribution) were selected for within-group
comparisons. Two simple ¢-tests (normal distribution) or Mann-
Whitney U-test (non-normal distribution) was chosen for
between-group comparisons. The level of statistical significance
was p < 0.05, and a two-tailed test was used. Correlation analysis
was performed using Pearson correlation analysis (normal
distribution) or Spearman correlation analysis (non-normal
distribution). The level of statistical significance was p < 0.05, and
a two-tailed test was used.

Analysis of Effect-Related Brain Regions

In the first step, the paired ¢-test was used to analyze the changed
brain areas in 115 FD patients after acupuncture treatment and
to extract the change values (p < 0.05, GRF-corrected) (Liu
etal, 2021). In the second step, clinical improvement values were
calculated for 115 FD patients after acupuncture treatment. In
the third step, a correlation analysis of the results of the first and

Uhttp://www.filion.ucl.ac.uk/spm
Zhttp://rfmri.org/DPARSF

second steps was performed to obtain the brain areas associated
with the efficacy of acupuncture.

Grouping of Higher or Lower Response to
Acupuncture

The 115 FD patients were regrouped according to the efficacy.
Referring to the study by Ma et al. (2015), patients with FD were
divided into two subgroups based on a median SID improvement
value of 2 points: the higher response group (greater than or equal
to 2 points) and the lower response group (less than 2 points).

Resting-State Functional Connection Analysis

Paired t-test was used to analyze the brain activities of patients
in the acupuncture higher/lower response group, and the brain
regions related to efficacy in the higher response group were
regarded as regions of interest (ROI). The paired t-test was
used to analyze the resting-state functional connectivity (rsFC)
before and after the acupuncture treatment in the higher response
group. This study selected all comparison thresholds for brain
regions with GRF-corrected p < 0.05 (Liu et al., 2021).

RESULTS

Cerebral Activity Changes and the
Correlation With Symptom Improvement

in All Functional Dyspepsia Patients
Cerebral Activity Changes Elucidated by Acupuncture
Treatment in All Functional Dyspepsia Patients

The functional activities of the left cerebellum inferior, right
middle temporal gyrus, and right medial prefrontal cortex
increased while those of the left Heschl and the right middle
cingulate cortex decreased after acupuncture treatment for all FD
patients (Table 1 and Figure 1).

The Correlation Between Cerebral Activity Changes
and Symptom Improvement

The correlation analysis showed that the change of the right
medial prefrontal cortex (mPFC) was correlated with the
improvement of NDSI (r = 0.20, p = 0.03) but not with the
improvement in SID. Other brain function activity areas were
not associated with the clinical improvement value (Table 1 and
Figure 1).

Cerebral Activity Changes in the
Acupuncture Higher/Lower Response
Group

Grouping Results of Demographic Characteristics
and Clinical Variables

Among the 115 FD patients, 66 FD patients were assigned to
the higher response group, and 49 FD patients were assigned to
the lower response group. The demographic characteristics and
clinical variables of the two groups are described in Table 2. There
was no significant difference between gender, age, height, and
weight between the two groups.
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TABLE 1 | Cerebral activity changes elucidated by acupuncture treatment in all FD patients.

MNI Cluster Correlation with NDSI
Regions Side Sign X Y z T value size p value
Cerebelum_Crus2 L 1 —15 —-90 -33 3.62 57 0.34
Frontal_Mid R 1 39 21 51 3.30 54 0.55
Frontal_Sup_Medial R 0 9 48 48 4.01 59 0.03*
Frontal_Sup_Medial R 1 12 63 12 3.91 85 0.11
Heschl L 1 —45 -12 12 —4.80 51 0.23
Cingulum_Mid R 1 6 -15 51 —3.92 134 0.45

MNI, Montreal Neurological Institute; Cerebelum_Crus2, cerebellum inferior; Frontal_Mid, middle temporal gyrus; Frontal_Sup_Medial, medial prefrontal cortex;
Cingulum_Mid, middle cingulate cortex; 1, increasing; |, decreasing; L, left; R, right; *p < 0.05.
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The cerebral activity changes in all FD patients
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mMPFC fALFF change value

FIGURE 1 | Correlation between cerebral activity changes and symptom improvement. Cerebelum_Crus2, cerebellum inferior; Frontal_Mid, middle temporal gyrus;
Frontal_Sup_Medial, medial prefrontal cortex; Cingulum_Mid, middle cingulate cortex; L, left; R, right; “po < 0.05.
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TABLE 2 | Demographic characteristics and clinical variables in all FD patients/higher/lower groups.

All FD patients (n = 115) Higher response group (n = 66) Lower response group (n = 49) p value
Gender (male/female) 28/88 16/50 11/38 1
Age (years), mean + SD 22,22 +2.34 22.00 + 1.98 22.55 4+ 2.70 0.47
Height, mean + SD 161.93 +£ 7.64 162.12 +£ 7.00 161.71 £ 8.56 0.63
Weight, mean + SD 52.52 + 8.61 51.62 £+ 8.91 53.85 +£8.13 0.24
NDSI score improvements, mean + SD
23.67 + 15.68 29.36 + 13.40 15.90 + 15.34 0.00*
SID score improvements, median (IQR)
2019 3(2,4) 1(0,1) 0.00*

NDSI, Nepean Dyspepsia Symptom Index; SID, Symptom Index of Dyspepsia; **p < 0.001.

Cerebral Activity Changes of the Higher/Lower

Groups

After acupuncture treatment, the functional activities of the right
mPFC and the left caudate increased while those of the left
anterior cingulate cortex, the left rectus, and the right lingual
gyrus decreased in the higher response group. After acupuncture

treatment, the functional activities of the right inferior temporal
gyrus and the left inferior occipital gyrus increased while those

of the right cerebellum inferior, the right cerebellum superior,
and the left pallidus decreased in the lower response group.
The two groups’ detailed information of altered brain areas after
acupuncture treatment is described in Table 3 and Figure 2.
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TABLE 3 | The cerebral activity changes in higher/lower group.

TABLE 4 | Changes of mPFC rsFC in higher response group.

MNI MNI

Regions Side Sign X Y Z Tvalue Clustersize Regions Side Sign X Y Z Tvalue Cluster size
Higher response group Temporal_Mid L N —-63 -30 12 —4.01 176
Frontal_Sup_Medial R 1 9 48 48 4.10 61 Cerebelum_Crus1 R J 45 -81 -33 -8.75 103
Caudate L 1 -15 -6 18 3.95 63 Cingulum_Ant L N 0 45 12 —4.45 409
Cingulum_Ant L l 0 18 24 —3.50 72 Cingulum_Mid/ R l 3 -—-18 33 -5.08 379
Rectus L | —-12 21 -15 -3.30 70 Cingulum_Post
Lingual R 1 12 —54 -6 -3.15 79 Angular /R J 60 57 30 —4.79 187
Lower response group MNI, Montreal Neurological Institute; Temporal_Mid, middle temporal gyrus;
Temporal_Inf R 0 48 —-69 -6 3.87 73 Cerebelum_Crus1, cerebellum superior; Cingulum_Ant, anterior cingulate cortex;
Occipital_Inf L 4 42 _84 _12 351 53 Cingulum_Mid, middle cingulate cortex; Cingulum_Post, posterior cingulate cortex;

- |, decreasing; L, left; R, right.
Cerebelum_Crus2 R 1 42 -75 -39 —-4.08 76
Cerebelum_Crust R ! 6 -78 —-21 -3.06 68
Pallidum L I -18 3 6  _3.40 71 the higher response group to acupuncture. The results showed

MNI, Montreal Neurological Institute; Frontal_Sup_Medial, medial prefrontal cortex;
Cingulum_Ant, anterior cingulate cortex; Lingual, lingual gyrus; Temporal_Inf,
inferior temporal gyrus; Occipital_Inf, inferior occipital gyrus; Cerebelum_Crus2,
cerebellum inferior; Cerebelum_Crus1, cerebellum superior; 1, increasing; |,
decreasing; L, left; R, right.

Resting-State Cerebral Functional
Connectivity in the Higher Response
Group

After finding that mPFC correlated with clinical improvement
values and significant changes in functional activity in the
higher response group, the mPFC was used as an ROI to
explore the brain network characteristics of FD patients in

that the mPFC rsFC with the left middle temporal gyrus, the
right cerebellum superior, the left anterior cingulate cortex, the
right middle cingulate cortex/posterior cingulate cortex, and
the bilateral angular gyrus decreased (Table 4 and Figure 3).
The correlation analysis showed no correlation between the
mPFC rsFC and clinical symptom improvement values in the
higher response group.

Resting-State Cerebral Functional
Connectivity in the Lower Response
Group

The mPFC was used as the ROI to explore the brain network
characteristics of FD patients in the acupuncture low response

Frontal_Sup_Medial_R Caudate_L

Tem poral_Inf R Occipital_Inf_L

The cerebral activity changes in higher response group

Cingulum_Ant_L

The cerebral activity changes in lower response group

=

Cerebelum_Crus2_R

FIGURE 2 | Cerebral activity changes in the higher/lower response group. Frontal_Sup_Medial, medial prefrontal cortex; Cingulum_Ant, anterior cingulate cortex;
Lingual, lingual gyrus; Temporal_Inf, inferior temporal gyrus; Occipital_Inf, inferior occipital gyrus; Cerebelum_Crus2, cerebellum inferior; Cerebelum_Crus1,
cerebellum superior; L, left; R, right. Yellow circles mark peak points and blue marks non-peak areas.

-15 -54
R R

Rectus_L Lingual_R

5
4
3
2
1
0

RN R

-78
y \

Cerebelum_Crusl_R Pallidum_L

Frontiers in Neuroscience | www.frontiersin.org

32

April 2022 | Volume 16 | Article 801899


https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Teng et al.

Acupuncture Treatment for Functional Dyspepsia

®

Frontal_Sup_Medial_R

Cingulum_Ant_L

L, left; R, right. Yellow circles mark peak points and blue marks non-peak areas.

Changes of mPFC rsFC in higher response group

Temporal_Mid_L

FIGURE 3 | Changes of the mPFC rsFC in the higher response group. Frontal_Sup_Medial, medial prefrontal cortex; Temporal_Mid, middle temporal gyrus;
Cerebelum_Crus1, cerebellum superior; Cingulum_Ant, anterior cingulate cortex; Cingulum_Mid, middle cingulate cortex; Cingulum_Post, posterior cingulate cortex;
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TABLE 5 | Changes of mPFC rsFC in the lower response group.

MNI
Regions Side Sign X Y Z Tvalue Cluster size
Occipital_Mid R 4 33 —-69 30 4.09 151
Frontal_Mid_Orb R 4 30 45 0 3.995 78

MNI,  Montreal Neurological Institute; Occipital_Mid, middle occipital gyrus;
Frontal_Mid_Orb, orbital middle frontal gyrus; 4, increasing; |, decreasing;
L, left; R, right.

group. The results showed that the mPFC rsFC with the right
middle occipital gyrus and the right orbital middle frontal gyrus
increased (Table 5 and Figure 4). The correlation analysis showed
no correlation between the mPFC rsFC and clinical symptom
improvement values in the lower response group.

Between-Group Comparisons of
Resting-State Cerebral Activity Changes
in the Higher and Lower Response

Groups

A comparison of the mPFC rsFC in the higher response and
lower response groups was done to explore the brain network
characteristics of FD patients with the acupuncture higher/lower
response groups. The results showed that the mPFC rsFC with
the left cerebellum inferior, the left inferior temporal gyrus,
the right orbital middle frontal gyrus, the right angular gyrus,
and the left posterior cingulate cortex decreased while that with

the left inferior frontal gyrus triangular part increased (Table 6
and Figure 5).

DISCUSSION

By analyzing the correlation between cerebral activity changes
and symptom improvements of all FD patients after acupuncture
treatment and comparing the differences in cerebral activity
changes between the higher response and the lower response
groups, this study found that mPFC might be involved
in acupuncture for FD and demonstrated the alternations
of functional connectivity between mPFC and default
mode network (DMN).

Several studies have confirmed that the mPFC is involved
in regulating gastrointestinal physiological function and in the
central pathological changes of FD (Kano et al, 2020). In a
physiological state, the mPFC is extensively involved in the
cognitive process, visceral function regulation, emotional activity,
etc. (Euston et al., 2012). The mPFC includes the infralimbic
cortex (IL) and the prelimbic cortex (PL) (Hurley-Gius and
Neafsey, 1986; Neafsey, 1990). The former exerts a pronounced
influence on visceral/autonomic nervous activities through its
direct projections to the medulla gastrointestinal motor centers.
At the same time, some cortical neurons that affect the output
of the gastric parasympathetic nerve originate from the mPFC,
so IL is considered to belong to the “visceral motor cortex.”
PL is related to cognitive, emotional, and executive functions
and is considered part of the “cognitive-emotional cortex”
(Zhao et al.,, 2019). In a pathological state, the structural and
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Changes of mPFC rsFC in lower response group
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FIGURE 4 | Changes of the mPFC rsFC in the higher response group. Occipital_Mid, middle occipital gyrus; Frontal_Mid_Orb, orbital middle frontal gyrus; L, left; R,

right.

functional changes in the mPFC in FD patients have been
documented in multiple neuroimaging studies. For example,
an 18F-FDG PET-CT study found that FD patients showed
significant glucometabolic increase in mPFC, which suggests
that the altered signal of mPFC might be related to patients’
selective attention to sensations from the stomach, such as
postprandial upper abdominal discomfort, early satiety, and
abdominal distension (Zeng et al., 2011). A structural MRI study
reported the changes of cortical thickness and subcortical volume
in mPFC in FD patients compared with healthy subjects and
suggested that these changes were closely related to the severity
of symptoms (Liu et al., 2018). Similarly, a decreased gray matter
density of mPFC was found in FD patients reporting meal-
related symptoms compared with healthy subjects (Zeng et al.,
2013). These studies demonstrated the role of mPFC in the
central pathogenesis of FD. They suggested that mPFC may be a
potential target brain region of gastrointestinal modulating effect
of acupuncture treatment.

To investigate the role of mPFC in the acupuncture treatment
for FD, three analyses were designed in this current study. Firstly,
significant cerebral activity changes in mPFC were found in all FD
patients after 4 weeks of acupuncture treatment. The increased
activity of mPFC was markable related to the improvement in
NDSI scores. It indicated that the more significant the decrease in
mPFC activity, the more influential the dyspepsia symptoms. The
results suggested that the regulation of mPFC function may be
one of the mechanisms of acupuncture for treating FD. Secondly,
to further confirm the involvement of mPFC in the therapeutic
effect of acupuncture on FD, 115 FD patients included in this
study were divided into the higher response group and the lower

TABLE 6 | Between-group comparisons of mPFC rsFC changes.

MNI
Regions Side Sign X Y z T value Cluster size
Cerebelum_Crus2 L N -36 —-72 —-45 —4.09 94
Temporal_Inf L 1 -57 -9 27 367 93
Frontal_Mid_Orb R l 30 60 -9 -3.79 101
Frontal_Inf_Tri L 4 —42 36 18 3.76 124
Angular R { 48 —60 39 —4.45 221
Cingulum_Post L l 0 —-36 33 —4.12 96

MNI, Montreal Neurological Institute; Cerebelum_Crus2, cerebellum inferior;
Temporal_Inf, inferior temporal gyrus; Frontal_Mid_Orb, orbital middle frontal gyrus;
Frontal_Inf_Tri, inferior frontal gyrus, triangular part; Cingulum_Post, posterior
cingulate cortex; 1, increasing; |, decreasing; L, left; R, right.

response group according to the clinical improvement of SID
scores. The results showed increased activities in the mPFC of
the higher response FD patients, while there were no significant
activities in the mPFC of the lower response patients. These
two results indicate that mPFC should be a critical region in
the realization of acupuncture effect, and the adjustment of
abnormal function of mPFC may be an important mechanism of
acupuncture effectively treating FD. Thirdly, to further explore
how mPFC participates in the realization of acupuncture effect,
this study selected the mPFC as ROI and performed the ROI-
based rsFC analysis. The results demonstrated that the rsFC of
the mPFC with the left anterior cingulate cortex (ACC), the right
middle cingulate cortex (MCC)/posterior cingulate cortex (PCC),
and the bilateral angular gyrus (AG) significantly decreased in the
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higher response group but not in the lower response group. Also,
the results of the between-group comparison between the high
and low response groups showed that the functional connectivity
of mPFC rsFC with regions such as PCC and AG was decreased.
These decreased regions are an important part of the DMN.

The DMN is a functional network composed of brain regions
that maintain synchronous, low-frequency spontaneous neuronal
activity in a resting state and continue to be negatively activated
in a task state (Lei et al., 2013) and is thought to be associated
with social behavior, emotional control, and sensory-visceral
movements. Several neuroimaging studies have demonstrated
the DMN alternations in patients with gastrointestinal diseases,
including FD (Liu et al., 2013), functional constipation (FC) (Yin
et al., 2021), irritable bowel syndrome (IBS) (Qi et al, 2016),
Crohn’s disease (CD) (Thomann et al,, 2017), and ulcerative
colitis (UC) (Skrobisz et al., 2020), and suggested the involvement
of DMN in the abnormal process of brain-gut interaction in these
gastrointestinal diseases. For example, a structural MRI indicated
that, compared with healthy subjects, FD patients showed
significant cortical thickness alterations in some regions of DMN
such as mPFC, PCC, AG, etc. (Liu et al., 2018). Furthermore, a
review indicated that functional connectivity changes in DMN
were commonly seen in acupuncture studies with different
participants. The involvement of DMN in acupuncture treatment
is suggested to be a factor in the realization of treatment efficacy.
For example, previous studies found that acupuncture could
enhance the post-stimulus spatial extent of DMN in healthy
subjects (Dhond et al., 2008) and could modulate the abnormal
function of DMN in IBS patients (Zhao et al., 2018) and so on. In

this study, the functional connectivity between mPFC and DMN
was significantly decreased in the higher response group after
acupuncture treatment. The results suggested that the efficacy
of acupuncture for FD may be achieved by modulating the
internal connectivity pattern between the mPFC and the DMN to
improve the abnormal gastric sensory and cognitive/emotional
processing. The limitations of this study are mainly that the
results of this study are a secondary analysis of two randomized
controlled neuroimaging studies of acupuncture for FD, and
the results need to be verified in a subsequent strictly designed
prospective study.

CONCLUSION

In conclusion, this study discovered that mPFC might play an
important role in the acupuncture treatment for FD from three
aspects. Based on finding the significantly decreased functional
activity of mPFC and its negative correlation with symptom
improvement in all FD patients after acupuncture treatment,
a subgroup analysis further verified the participation of mPFC
in acupuncture treatment efficacy, and a ROI-based functional
connectivity analysis indicated the enhancement in functional
connectivity between mPFC and DMN in the higher response
group. These results suggest that modulating the functional
activity of the mPFC and its connectivity to the DMN may be
one of the important mechanisms of acupuncture for treating FD.
This implies that mPFC and DMN might play a key role in the
treatments for FD by acupuncture.

Frontiers in Neuroscience | www.frontiersin.org

April 2022 | Volume 16 | Article 801899


https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Teng et al.

Acupuncture Treatment for Functional Dyspepsia

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author/s.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Affiliated Hospital of Chengdu University of
Traditional Chinese Medicine. The ethics committee waived
the requirement of written informed consent for participation.
Written informed consent was obtained from the individual(s)
for the publication of any potentially identifiable images or data
included in this article.

REFERENCES

Black, C. J., Drossman, D. A., Talley, N. ], Ruddy, J., and Ford, A. C.
(2020). Functional gastrointestinal disorders: advances in understanding and
management. Lancet 396, 1664-1674. doi: 10.1016/s0140-6736(20)32115-
32112

Chen, Y., Wang, R,, Hou, B., Feng, F., Fang, X., Zhu, L., et al. (2018). Regional
brain activity during rest and gastric water load in subtypes of functional
dyspepsia: a preliminary brain functional magnetic resonance imaging study.
J. Neurogastroenterol. Motil. 24, 268-279. doi: 10.5056/jnm17076

Dhond, R. P, Yeh, C., Park, K., Kettner, N., and Napadow, V. (2008). Acupuncture
modulates resting state connectivity in default and sensorimotor brain
networks. Pain 136, 407-418. doi: 10.1016/j.pain.2008.01.011

Drossman, D. A. (2016). Functional gastrointestinal disorders: history,
pathophysiology, clinical features and Rome IV. Gastroenterology.
doi: 10.1053/j.gastro.2016.02.032 [Epub ahead of print].

Enck, P., Azpiroz, F., Boeckxstaens, G., Elsenbruch, S., Feinle-Bisset, C., Holtmann,
G., et al. (2017). Functional dyspepsia. Nat. Rev. Dis. Primers 3:17081. doi:
10.1038/nrdp.2017.81

Euston, D. R., Gruber, A. J., and McNaughton, B. L. (2012). The role of medial
prefrontal cortex in memory and decision making. Neuron 76, 1057-1070.
doi: 10.1016/j.neuron.2012.12.002

Ford, A. C., Mahadeva, S., Carbone, M. F., Lacy, B. E., and Talley, N. J. (2020).
Functional dyspepsia. Lancet 396, 1689-1702. doi: 10.1016/s0140-6736(20)
30469-30464

Hurley-Gius, K. M., and Neafsey, E. J. (1986). The medial frontal cortex and
gastric motility: microstimulation results and their possible significance for the
overall pattern of organization of rat frontal and parietal cortex. Brain Res. 365,
241-248. doi: 10.1016/0006-8993(86)91635-91635

Kano, M., Oudenhove, L. V., Dupont, P., Wager, T. D., and Fukudo, S. (2020).
Imaging brain mechanisms of functional somatic syndromes: potential as a
biomarker? Tohoku J. Exp. Med. 250, 137-152. doi: 10.1620/tjem.250.137

Lei, X., Zhao, Z., and Chen, H. (2013). Extraversion is encoded by scale-free
dynamics of default mode network. Neuroimage 74, 52-57. doi: 10.1016/].
neuroimage.2013.02.020

Liu, P, Wang, G., Zeng, F., Liu, Y., Fan, Y., Wei, Y., et al. (2018). Abnormal brain
structure implicated in patients with functional dyspepsia. Brain Imaging Behav.
12, 459-466. doi: 10.1007/s11682-017-9705-z

Liu, P, Zeng, F., Zhou, G., Wang, J., Wen, H., von Deneen, K. M., et al. (2013).
Alterations of the default mode network in functional dyspepsia patients: a
resting-state fmri study. Neurogastroenterol. Motil. 25, e382-e388. doi: 10.1111/
nmo.12131

Liu, W., Yue, Q., Gong, Q., Zhou, D., and Wu, X. (2021). Regional and remote
connectivity patterns in focal extratemporal lobe epilepsy. Ann. Transl. Med.
9:1128. doi: 10.21037/atm-21-1374

AUTHOR CONTRIBUTIONS

FZ, YT, and YY designed the study and drafted the manuscript.
FZ, YC, and TY revised the study design and the manuscript.
TY, RS, PM, ZH, YQ, and LH were involved in the study
implementation and data collection. ZT was involved in the
design of the diagrams in the manuscript. All authors contributed
to the article and approved the submitted version.

FUNDING

This study was supported by the National Natural Science
Foundation of China (Nos. 81973960, 81622052, and
81473602), the Ten Thousand Talent Program of China (No.
W02020595), and the Sichuan Science and Technology Program
(Nos. 2019JDTD0011 and 15QNJJ0008).

Ma, T., Zeng, F.,, Li, Y., Wang, C. M, Tian, X,, Yu, S, et al. (2015). Which subtype of
functional dyspepsia patients responses better to acupuncture? a retrospective
analysis of a randomized controlled trial. Forsch Komplementmed. 22, 94-100.
doi: 10.1159/000380983

Neafsey, E. J. (1990). Prefrontal cortical control of the autonomic nervous system:
anatomical and physiological observations. Prog. Brain Res. 85, 147-165. doi:
10.1016/50079-6123(08)62679-62675

Oh, J. H.,, Kwon, J. G, Jung, H. K, Tae, C. H, Song, K. H., Kang, S. ],
et al. (2020). Clinical practice guidelines for functional dyspepsia in Korea.
J. Neurogastroenterol. Motil. 26, 29-50. doi: 10.5056/jnm19209

Qi, R., Ke, J., Schoepf, U. J., Varga-Szemes, A., Milliken, C. M., Liu, C., et al. (2016).
Topological reorganization of the default mode network in irritable bowel
syndrome. Mol. Neurobiol. 53, 6585-6593. doi: 10.1007/s12035-015-9558-9557

Qi, R, Shi, Z., Weng, Y., Yang, Y., Zhou, Y., Surento, W., et al. (2020). Similarity
and diversity of spontaneous brain activity in functional dyspepsia subtypes.
Acta Radiol. 61, 927-935. doi: 10.1177/0284185119883391

Skrobisz, K., Piotrowicz, G., Naumczyk, P., Sabisz, A., Markiet, K., Rydzewska,
G., et al. (2020). Imaging of morphological background in selected functional
and inflammatory Gastrointestinal diseases in fMRI. Front. Psychiatry 11:461.
doi: 10.3389/fpsyt.2020.00461

Sun, R, He, Z., Ma, P., Yin, S, Yin, T., Liu, X,, et al. (2021). The participation
of basolateral amygdala in the efficacy of acupuncture with deqi treating for
functional dyspepsia. Brain Imaging Behav. 15, 216-230. doi: 10.1007/s11682-
019-00249-247

Sun, R, Hong, X, Guo, J., Yin, S., Feng, P, Lan, L., et al. (2018). The central
mechanism of acupuncture treatment with a long-lasting effect for functional
dyspepsia: study protocol for a randomized controlled trial. Trials 19:373. doi:
10.1186/513063-018-2742-2740

Thomann, A. K., Griebe, M., Thomann, P. A., Hirjak, D., Ebert, M. P., Szabo, K.,
etal. (2017). Intrinsic neural network dysfunction in quiescent Crohn’s Disease.
Sci. Rep. 7:11579. doi: 10.1038/s41598-017-11792-y

Wang, X. Y., Wang, H,, Guan, Y. Y., Cai, R. L, and Shen, G. M. (2021).
Acupuncture for functional gastrointestinal disorders: a systematic review and
meta-analysis. . Gastroenterol. Hepatol. 36, 3015-3026. doi: 10.1111/jgh.15645

Wang, Y., Hou, Y. Q. Yang, J. W,, Wang, L. Q. Shao, J. K, Zou, X,
et al. (2020). Acupuncture of different treatment frequency in postprandial
distress syndrome: a pilot randomized clinical trial. Neurogastroenterol. Motil.
32:e13812. doi: 10.1111/nmo.13812

Yang, J. W., Wang, L. Q., Zou, X,, Yan, S. Y., Wang, Y., Zhao, . J., et al. (2020).
Effect of acupuncture for postprandial distress syndrome: a randomized clinical
trial. Ann. Intern. Med. 172, 777-785. doi: 10.7326/m19-2880

Yin, S., Chen, Y., Lei, D., Sun, R. R, Ma, T. T., Feng, P. M,, et al. (2017).
Cerebral mechanism of puncturing at He-Mu point combination for functional
dyspepsia: study protocol for a randomized controlled parallel trial. Neural
Regen. Res. 12, 831-840. doi: 10.4103/1673-5374.206655

Frontiers in Neuroscience | www.frontiersin.org

April 2022 | Volume 16 | Article 801899


https://doi.org/10.1016/s0140-6736(20)32115-32112
https://doi.org/10.1016/s0140-6736(20)32115-32112
https://doi.org/10.5056/jnm17076
https://doi.org/10.1016/j.pain.2008.01.011
https://doi.org/10.1053/j.gastro.2016.02.032
https://doi.org/10.1038/nrdp.2017.81
https://doi.org/10.1038/nrdp.2017.81
https://doi.org/10.1016/j.neuron.2012.12.002
https://doi.org/10.1016/s0140-6736(20)30469-30464
https://doi.org/10.1016/s0140-6736(20)30469-30464
https://doi.org/10.1016/0006-8993(86)91635-91635
https://doi.org/10.1620/tjem.250.137
https://doi.org/10.1016/j.neuroimage.2013.02.020
https://doi.org/10.1016/j.neuroimage.2013.02.020
https://doi.org/10.1007/s11682-017-9705-z
https://doi.org/10.1111/nmo.12131
https://doi.org/10.1111/nmo.12131
https://doi.org/10.21037/atm-21-1374
https://doi.org/10.1159/000380983
https://doi.org/10.1016/s0079-6123(08)62679-62675
https://doi.org/10.1016/s0079-6123(08)62679-62675
https://doi.org/10.5056/jnm19209
https://doi.org/10.1007/s12035-015-9558-9557
https://doi.org/10.1177/0284185119883391
https://doi.org/10.3389/fpsyt.2020.00461
https://doi.org/10.1007/s11682-019-00249-247
https://doi.org/10.1007/s11682-019-00249-247
https://doi.org/10.1186/s13063-018-2742-2740
https://doi.org/10.1186/s13063-018-2742-2740
https://doi.org/10.1038/s41598-017-11792-y
https://doi.org/10.1111/jgh.15645
https://doi.org/10.1111/nmo.13812
https://doi.org/10.7326/m19-2880
https://doi.org/10.4103/1673-5374.206655
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Teng et al.

Acupuncture Treatment for Functional Dyspepsia

Yin, T., He, Z., Ma, P., Sun, R,, Xie, K., Liu, T., et al. (2021). Aberrant functional
brain network dynamics in patients with functional constipation. Hum. Brain
Mapp. 42, 5985-5999. doi: 10.1002/hbm.25663

Zeng, F., Lan, L., Tang, Y., Liu, M., Liu, X,, Song, W., et al. (2015). Cerebral
responses to puncturing at different acupoints for treating meal-related
functional dyspepsia. Neurogastroenterol. Motil. 27, 559-568. doi: 10.1111/nmo.
12532

Zeng, F.,, Qin, W,, Liang, F., Liu, J., Tang, Y., Liu, X,, et al. (2011). Abnormal
resting brain activity in patients with functional dyspepsia is related to symptom
severity. Gastroenterology 141, 499-506. doi: 10.1053/j.gastro.2011.05.003

Zeng, F., Qin, W, Yang, Y., Zhang, D,, Liu, J., Zhou, G., et al. (2013). Regional
brain structural abnormality in meal-related functional dyspepsia patients: a
voxel-based morphometry study. PLoS One 8:e68383. doi: 10.1371/journal.
pone.0068383

Zhao, D. Q., Gong, S. N, Ma, Y. ], and Zhu, J. P. (2019). Medial prefrontal cortex
exacerbates gastric dysfunction of rats upon restraint water-immersion stress.
Mol. Med. Rep. 20, 2303-2315. doi: 10.3892/mmr.2019.10462

Zhao, J. M., Lu, J. H,, Yin, X. J.,, Wu, L. Y., Bao, C. H., Chen, X. K,, et al.
(2018). Comparison of electroacupuncture and mild-warm moxibustion on
brain-gut function in patients with constipation-predominant irritable bowel

syndrome: a randomized controlled trial. Chin. J. Integr. Med. 24, 328-335.
doi: 10.1007/s11655-018-2838-2830

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2022 Teng, Yin, Yang, Sun, Tian, Ma, He, Qu, Huang, Chen and Zeng.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Neuroscience | www.frontiersin.org

37

April 2022 | Volume 16 | Article 801899


https://doi.org/10.1002/hbm.25663
https://doi.org/10.1111/nmo.12532
https://doi.org/10.1111/nmo.12532
https://doi.org/10.1053/j.gastro.2011.05.003
https://doi.org/10.1371/journal.pone.0068383
https://doi.org/10.1371/journal.pone.0068383
https://doi.org/10.3892/mmr.2019.10462
https://doi.org/10.1007/s11655-018-2838-2830
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

:' frontiers ‘ Frontiers in Neuroscience

REVIEW
published: 25 April 2022
doi: 10.3389/fnins.2022.852506

OPEN ACCESS

Edited by:
He Wang,
Fudan University, China

Reviewed by:

Amy Mackos,

The Ohio State University,
United States

Valentina Caputi,

University College Cork, Ireland

*Correspondence:
Ahmed Eltokhi
Eltokhi@uw.edu

Specialty section:

This article was submitted to
Gut-Brain Axis,

a section of the journal
Frontiers in Neuroscience

Received: 11 January 2022
Accepted: 18 March 2022
Published: 25 April 2022

Citation:

Eltokhi A and Sommer IE (2022) A
Reciprocal Link Between Gut
Microbiota, Inflammation

and Depression: A Place

for Probiotics?

Front. Neurosci. 16:852506.

doi: 10.3389/fnins.2022.852506

Check for
updates

A Reciprocal Link Between Gut
Microbiota, Inflammation and
Depression: A Place for Probiotics?

Ahmed Eltokhi’ and Iris E. Sommer?

" Department of Pharmacology, University of Washington, Seattle, WA, United States, ? Department of Biomedical Sciences
of Cells & Systems, University Medical Centre Groningen, University of Groningen, Groningen, Netherlands

Depression is a severe mental disorder that places a significant economic burden
on public health. The reciprocal link between the trillions of bacteria in the gut,
the microbiota, and depression is a controversial topic in neuroscience research
and has drawn the attention of public interest and press coverage in recent years.
Mounting pieces of evidence shed light on the role of the gut microbiota in depression,
which is suggested to involve immune, endocrine, and neural pathways that are the
main components of the microbiota-gut-brain axis. The gut microbiota play major
roles in brain development and physiology and ultimately behavior. The bidirectional
communication between the gut microbiota and brain function has been extensively
explored in animal models of depression and clinical research in humans. Certain
gut microbiota strains have been associated with the pathophysiology of depression.
Therefore, oral intake of probiotics, the beneficial living bacteria and yeast, may represent
a therapeutic approach for depression treatment. In this review, we summarize the
findings describing the possible links between the gut microbiota and depression,
focusing mainly on the inflammatory markers and sex hormones. By discussing
preclinical and clinical studies on probiotics as a supplementary therapy for depression,
we suggest that probiotics may be beneficial in alleviating depressive symptoms,
possibly through immune modulation. Still, further comprehensive studies are required to
draw a more solid conclusion regarding the efficacy of probiotics and their mechanisms
of action.

Keywords: gut microbiota, inflammation, depression, sex hormones, probiotics

GUT MICROBIOTA IN HEALTH

The trillions of bacteria inhabiting our gastrointestinal (GI) tract are referred to as “gut microbiota”
and are well known to exert a marked influence on the host during homeostasis (Thursby and Juge,
2017). Approximately 160 species of bacteria are living in the human colon, with Bacteroidetes and
Firmicutes being the dominant bacterial phyla in healthy individuals (Qin et al., 2010; Huttenhower
et al,, 2012; Sommer and Backhed, 2013; Rajilic-Stojanovic and de Vos, 2014). The gut microbiota
are separated from immune cells by two mucus layers and a single layer of epithelial cells (Johansson
etal., 2013; Mowat and Agace, 2014), allowing the regulation of the immune system and vice versa
(Round and Mazmanian, 2009; Gensollen et al., 2016). They benefit the host by strengthening the

Frontiers in Neuroscience | www.frontiersin.org 38

April 2022 | Volume 16 | Article 852506


https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://doi.org/10.3389/fnins.2022.852506
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fnins.2022.852506
http://crossmark.crossref.org/dialog/?doi=10.3389/fnins.2022.852506&domain=pdf&date_stamp=2022-04-25
https://www.frontiersin.org/articles/10.3389/fnins.2022.852506/full
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Eltokhi and Sommer

Gut Microbiota Dysbiosis in Depression

gut integrity (Natividad and Verdu, 2013), providing nutrients
such as vitamins (LeBlanc et al., 2013; Rowland et al., 2018),
promoting resistance to colonization by pathogenic species
(Cameron and Sperandio, 2015; Pacheco and Sperandio, 2015;
Sassone-Corsi and Raffatellu, 2015; Baumler and Sperandio,
2016) and harvesting energy (den Besten et al., 2013). Therefore, a
pathological alteration of the gut microbiota composition, known
as dysbiosis, can have serious consequences on the health of
the host, ranging from chronic GI diseases to neuropsychiatric
disorders (Guinane and Cotter, 2013; Petersen and Round, 2014;
Schroeder and Backhed, 2016).

The high-throughput and low-cost sequencing methods
that have become available over the last decade enabled the
investigation of the gut microbiota (Thursby and Juge, 2017).
The bacterial species are nowadays easily distinguished via
targeting the bacterial 16S ribosomal RNA gene that is present
in all bacteria with enough sequence conservation and nine
highly variable regions for phylogenetic analyses (Mizrahi-
Man et al, 2013; Poretsky et al, 2014). To characterize the
nature of the human microbiota and pave the way for a
better understanding of human health and disease, the Human
Microbiome Project (HMP) was carried out over 10 years and two
phases (Turnbaugh et al., 2007; Proctor et al., 2019). Additionally,
it can identify new diagnostic biomarkers of health, which
will enhance our knowledge of the nutritional requirements of
humans (Turnbaugh et al., 2007).

Different factors are known to shape the gut microbiota
compositions including age (Odamaki et al., 2016; Hill et al,
2017; Aleman and Valenzano, 2019), host genetics (Kovacs et al.,
2011; Org et al., 2016; Elderman et al., 2018; Kim et al., 2020),
drugs (Wilson and Nicholson, 2009; Maier et al., 2018; Vich
Vila et al., 2020), body mass index (BMI) (Ley et al., 2005;
Yun et al, 2017; Gao et al, 2018; Stanislawski et al., 2018;
Bai et al.,, 2019), diet, mode of delivery (Salminen et al., 2004;
Rutayisire et al., 2016; Akagawa et al., 2019; Reyman et al,
2019), and environmental factors (Li et al., 2014; Osadchiy et al.,
2019) (Figure 1). In particular, dietary modification exert a large
effect on the gut microbiota (Walker et al, 2011; Zoetendal
et al.,, 2012; David et al,, 2014; Carmody et al., 2015) and can
produce a shift in several bacterial species within 24 h (Wu
et al., 2011). Also, antibiotics affect microbiota composition by
depleting resident microbiota and subsequent enrichment of
certain antibiotic-resistant strains, leading to pathogenic effects
(Morgun et al, 2015). Other non-antibiotic drugs, such as
proton-pump inhibitors, but also several psychiatric drugs, are
known to have an extensive impact on the human gut microbiota
(Maier et al., 2018).

MICROBIOTA DYSBIOSIS IN
DEPRESSION

Depression is a debilitating neuropsychiatric disorder that
involves persistent low mood and loss of interest that can be
long-lasting or recurrent, substantially decreasing the quality of
life (Wittchen et al., 2011; Lim et al., 2012; Murray et al., 2013;
Whiteford et al., 2013). Symptoms usually are a reduced interest

or pleasure in previously pleasurable activities, loss of sexual
desire, changes in appetite, weight loss or gain, sleep disorders
and motor retardation, along with recurrent thoughts of guilt
and death (McCarter, 2008). It affects approximately 4.4% of the
world’s population with an incidence rate above the rate of global
population growth (Flux and Lowry, 2020). Despite the high
prevalence rate of depression and the ongoing efforts to enhance
the skills of healthcare providers, this mental disorder remains
underdiagnosed and undertreated (Williams et al., 2017). The
late diagnosis and treatment of depression are associated with
a reduced treatment outcome, underscoring the importance of
early intervention (Riedel et al., 2011).

The development of depression involves a complex interplay
of biological, genetic, and environmental factors (Lopizzo et al.,
2015). In addition to the strong association between gut
microbiota and autism, schizophrenia and attention deficit
hyperactivity disorder (for a review, see Eltokhi et al., 2020),
accumulating shreds of evidence over the past 10 years support
the hypothesis that gut microbiota may determine the initial risk
and persistence of depression and contribute to treatment and
resilience (for reviews, see Mangiola et al., 2016; Rogers et al.,
2016; Flux and Lowry, 2020). The gut microbiota can signal
to the CNS by way of neurohormones, vagal tonus, immune
activation and metabolites that can alter eating behavior and
mood (Martin et al., 2018). Moreover, healthy diets such as the
Mediterranean one are suggested to reduce the risk of depression
(Sanchez-Villegas et al., 2007; Skarupski et al., 2013; Pagliai et al.,
2018; Konstantinos and Evangelia, 2019; Lassale et al., 2019)
via modulation of the gut microbiota composition (De Filippis
et al., 2016; Garcia-Mantrana et al., 2018; Krznaric et al., 2019;
Nagpal et al., 2019). Confirming the role of gut microbiota
in depression, a large epidemiological study revealed that the
destabilization of the gut microbiota composition by antibiotics
resulted in a 20-50% increased risk of depression (Lurie et al.,
2015). Moreover, the underrepresentation of Firmicutes in the
gut has been associated with depression (Huang et al., 2018),
and 25.8% of individuals with inflammatory bowel disease (IBD)
suffered from depression in the previous year (Lai and Cai, 2018).

Preclinical studies on rodents have investigated the link
between gut microbiota and depression at a deeper level than
clinical studies (Flux and Lowry, 2020). Studies mostly from the
microbiota-devoid germ-free mice or mice treated with broad-
spectrum antibiotics have shown that specific microbiota can
impact brain physiology and behavior including deficiencies in
learning, memory, recognition, and emotional behaviors (Gareau
et al,, 2011; Smith, 2015; Foster et al., 2017), accompanied by
structural changes in the brain (Zhang et al., 2015; Principi and
Esposito, 2016; Dinan and Cryan, 2017; Fung et al., 2017; Martin
and Mayer, 2017). Different rodent models that showed high
face validity to human depression have been used in microbiota
research (Krishnan and Nestler, 2011). These models include
olfactory bulbectomy (Harkin et al., 2003), social stress models
(Toyoda, 2017), maternal separation (MS) models of early life
adversity (Matthews and Robbins, 2003; Neumann et al., 2005;
O’Mahony et al., 2009), repeated restraint stress models (Glavin
et al, 1994; Bailey et al., 2010), chronic unpredictable mild
stress (Duan et al., 2021; Zhang et al., 2021), and diet-induced
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obesity (Bruce-Keller et al., 2015; Bridgewater et al., 2017; Agusti
et al., 2018; Soto et al., 2018) (for a review, see Flux and Lowry,
2020). The depression-like behaviors in rodents are measured
by several behavioral experiments including forced swim, tail-
suspension, sucrose preference, splash and learned helplessness
tests (Eltokhi et al., 2018). Confirming the link between gut
microbiota and depression, stressed germ-free mice showed high
circulating levels of depression-sustaining hormones such as
ACTH and corticosterone (Sudo et al., 2004). Moreover, the
transplantation of fecal matter from depressed patients into
microbiota-depleted rats exhibited depressive-like behavior in
the rats (Kelly et al., 2016).

Clinical evidence for the role of the microbiota in depression
is provided by an alteration in the number of microbiota and
their diversity in individuals with depression when compared
to healthy controls (for a summary, see Table 1). A study
of fecal samples from patients with major depressive disorder
(MDD) documented increased counts of Bacteroidales and
decreased counts of Lachnospiraceae (Naseribafrouei et al,
2014). The analysis of fecal matters from MDD patients
revealed a negative, albeit weak, correlation between the
abundance of Faecalibacterium and the severity of the depressive
symptoms (Jiang et al., 2015), and a positive correlation between
Enterobacteriaceae and Alistipes counts and depression (Jiang
et al., 2015). In another clinical study, lower Bifidobacterium
and/or Lactobacillus counts were more common in patients with
MDD compared to healthy controls (Aizawa et al., 2016). Two
other studies revealed a different abundance of bacterial families
and taxa between patients with MDD and healthy controls (Chen

Z. et al, 2018; Chung et al., 2019). Moreover, in a Chinese
MDD cohort, alterations of microbiota composition were found
in MDD patients with an overrepresentation of Actinobacteria
and underrepresentation of Bacteroidetes (Zheng et al., 2016).
Investigating a group suffering from treatment-resistant MDD
revealed a link between microbiota neuroactive capacity and
the quality of life and depression (Valles-Colomer et al.,
2019). Similar gut microbiota dysbiosis between Irritable bowel
syndrome (IBS), depression, and IBS/depression co-morbid
patients confirms the close link between the gut microbiota
composition and depression (Liu et al., 2016). Although several
previous studies demonstrated that depression was linked to
marked alterations in gut microbiota composition, contradicting
results regarding the enrichment of certain microbiota phyla
in individuals with depression were obtained (Table 1). This
inconsistency may have resulted from differences in study design,
sample sizes, demographic and clinical severity of patients,
unmeasured confounding factors and/or the used statistical
methods. Additionally, most of these studies had several
limitations including small sample sizes and a lack of data on
the dietary habits of the tested subjects, which hinders obtaining
a solid conclusion about the suitability of the microbiota as a
biomarker of depression. It is still unsure whether changes in the
microbiota are a cause or a result of depression. As depression
is associated with changes in dietary habits, sleep and stress, the
gut microbiota dysbiosis may well be a consequence rather than a
cause. On the other hand, the depressive phenotype was shown
to be transmissible by fecal microbiota transplantation (FMT)
from MDD patients to germ-free rodents, revealing increased
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TABLE 1 | Clinical studies investigating a correlation between the human fecal microbiota and depression.

References Sample Sample size Mean age in Gender Changes in taxonomic composition in Limitations/notes
(patients/controls) years + SD (males/females) patients
Naseribafrouei Fecal sample 55 Patients: 37 Patients: Patients: (17/20) -High taxonomic level: - A lack of data on the dietary
etal.,, 2014 Controls: 18 49.2 +£13.9 Controls: (7/11) +Bacteroidales habits of subjects
Controls: JLachnospiraceae - A small cohort with a risk of
46.1 £13.9 -Low taxonomic level: overseeing effects
tcorrelating OTUs of clades within the genus
Alistipes and Oscillibacter
Jiang et al., 2015 Fecal sample 76 Active-MDD: 29 Patients: Patients: -High taxonomic level: - A lack of data on the dietary
Responded-MDD: 17 Active-MDD: Active-MDD: tBacteroidete habits of subjects
Controls: 30 253+ 5.4 (18/11) +Proteobacteria - Possible effects of atypical
Responded-MDD: Responded-MDD: tActinobacteria antipsychotic medications
27.1+54 (9/8) Controls: | Firmicutes - Further studies are required to
Controls: (15/15) -Low taxonomic level: evaluate the suitability of the
26.8 +5.4 +Enterobacteriaceae microbiome as a biomarker.
tAlistipes
| Faecalibacterium
Zheng et al., 2016 Fecal sample 121 Drug-naive MDD: Patients: Patients: (22/36) -High taxonomic level: - No examination of other
39 Treated-MDD: 19 40.6 £ 11.7 Controls: (23/40) tActinobacteria | Bacteroidetes neuropsychiatric disorders with
Controls: 63 Controls: -Low taxonomic level: similar clinical presentations to
41.8+12.3 +0UTs assigned to the families MDD
Actinomycineae, Coriobacterineae, - A possibility of site-specific and
Lactobacillaceae, Streptococcaceae, ethnic biases in microbial
Clostridiales incertae sedis X| (Parvimonas), phenotypes
Eubacteriaceae, Lachnospiraceae
(Anaerostipes, Blautia, Dorea, Lachnospiracea
incertae sedis), Ruminococcaceae (Clostridium
IV) and Erysipelotrichaceae incertae sedis
1 OUTs assigned to the families
Bacteroidaceae, Rikenellaceae (Alistipes),
Lachnospiraceae (Coprococcus, Clostridium
XlVa, Lachnospiraceae incertae sedis,
Roseburia and Faecalibacterium),
Acidaminococcaceae (Phascolarctobacterium),
Veillonellaceae(Megamonas) and Sutterellaceae
Aizawa et al., 2016 Fecal sample 100 Patients: 43 Patients: Patients: (25/18) | Bifidobacterium A tendency of - Investigating only Bifidobacterium
Controls: 57 39.4 +10.0 Controls: (22/35) JLactobacillus and Lactobacillus
Controls: -Possible effects of antidepressant
428 £12.7 medications

- Effects of diet were not fully taken

into account in the analysis.
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TABLE 1 | (Continued)

References Sample Sample size

(patients/controls)

Changes in taxonomic composition in
patients

Limitations/notes

ChenZ. etal., 2018 Fecal sample 20 Patients: 10
Controls: 10
Chung et al., 2019 Fecal sample 73 Patients: 36

Controls: 37

Mean age in Gender

years + SD (males/females)
Patients: Patients: (5/5)
43.9 +13.8 Controls: (5/5)
Controls:

39.6 £9.0

Patients: Patients: (8/28)
45.83 + 14.08 Controls: (14/23)
Controls:

4119 +12.73

-High taxonomic level:
tFirmicutes
tActinobacteria

| Bacteroidetes

| Proteobacteria
-Low taxonomic level:
tLachnospiraceae
tActinomycetaceae
tNocardiaceae

1 Bifidobacteriaceae

1 Erysipelotrichaceae
1Clostridiaceae
+Ruminococcaceae
t+Porphyromonadaceae
1 Streptomycetaceae
| Enterobacteriaceae
JSutterellaceae

1 Oscillospiraceae

1 Chitinophagaceae

I Marinilabiliaceae

| Rikenellaceae

| Prevotellaceae

-High taxonomic level:
tActinobacteria
tFirmicutes

| Bacteroidetes

| Proteobacteria

-Low taxonomic level:
tPeptostreptococcaceae
t+Porphyromonadaceae
+Streptococcaceae

1 Bifidobacteriaceae
tlLachnospiraceae

| Prevotellaceae
JAlcaligenaceae

- A limited sample size

- No detailed data on diet habits,
alcohol intake, or residence

- Possible effects of antidepressant
medications

- A cross-sectional study design
with no causal inference between
the microbiota alterations and
depression

- A moderate sample size that
provided no stable results with
cluster analysis to further discuss
the impacts of dietary patterns on
microbiota compositions

- Possible effects of antidepressant
medications

-The dietary information was
subjective to recall bias.

tindicates an increase; | indicates a decrease; MDD, Major depressive disorder; OTUs, Operational Taxonomic Units.
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anxiety and depressive-like behavior in rodents (Kelly et al., 20165
Zheng et al., 2016). This strongly suggests that the alterations of
the gut microbiota associated with depression may be a cause,
rather than a consequence of the disorder.

Notably, several studies have shown that depression itself can
affect the gut microbiota diversity via signals from the CNS to the
gut environment, for example by changing secretion and motility
in the stomach and gut. In an olfactory bulbectomy mouse model
of depression, alteration of microbiota composition in the colon
was suggested to be caused by increased activation of the stress
response and alterations in colonic motility (Park et al., 2013).
Moreover, diet disturbance in depression by the consumption
of highly palatable foods is a major pathway from depression
to gut microbiota dysbiosis (Rogers et al., 2016). Additionally,
depression can reshape the gut microbiota composition by
altering metabolic responses to food through hormones,
inflammation, and autonomic alterations (Madison and Kiecolt-
Glaser, 2019). For example, women suffering from depression
had higher cortisol and fat oxidation levels (Kiecolt-Glaser et al.,
2015), which can have a downstream effect on the gut microbiota
(den Besten et al., 2013; Farzi et al., 2018). Other studies revealed
that multiple classes of antidepressants also have anti-microbial
properties against pathogenic bacteria (Macedo et al.,, 2017).
For example, the antidepressant fluoxetine enriched the bacterial
species associated with the regulation of BMI in mice (Lyte et al.,
2019). The next-generation antidepressant ketamine plays a role
in regulating the gut microbiota diversity (Yang et al., 2017)
and showed increased Lactobacillus, Turicibacter, and Sarcina
counts in the rat fecal microbiota and reduced opportunistic
pathogens Mucispirillum and Ruminococcus (Getachew et al.,
2018). To this end, the aforementioned studies suggest that the
link between gut microbiota composition, antidepressants and
depression is reciprocal.

THE EFFECT OF GUT MICROBIOTA ON
LOCAL AND CIRCULATING
INFLAMMATORY MARKERS AND ITS
RELATION TO DEPRESSION

Depression has been associated with inflammation and its
components such as inflammatory cytokines for more than
20 years (Ader and Cohen, 1985; Maes, 1995; Maes et al., 2012;
Patel, 2013; Skaper et al., 2014; Miller and Raison, 2016; Leonard,
2018). Several gene variants are involved in both immune
activation and depression (Barnes et al, 2017). Moreover,
depression is known to be associated with polymorphisms in
inflammation-related genes (Mikova et al., 2001; Kokai et al,
2002; Wong et al., 2008). Elevated levels of pro-inflammatory
cytokines including Interleukin (IL)-1, IL-6, IL-8, and IL-12
were reported in individuals suffering from depression (Dowlati
et al., 2010; Duivis et al, 2013; Lamers et al., 2013; Kim
et al, 2016). Furthermore, IL-6, tumor necrosis factor-alpha
(TNF-a), and IL-1f are implicated in the pathophysiology
of depression (Brebner et al, 2000), and individuals with
depression often have elevated circulating IL-1p, IL-6, and

TNF with reduced levels of interferon-gamma (IFN-y), IL-10,
and IL-4 (Goldsmith etal., 2016). Longitudinal studies linked
the high levels of pro-inflammatory cytokines with future risk
for depression (van den Biggelaar et al,, 2007; Gimeno et al.,
2009). The pro-inflammatory cytokines have been connected to
a pattern of sickness behaviors that include depressed mood,
lethargy, heightened pain sensitivity, and sleep and appetite
disturbances: all hallmarks of depression (Flux and Lowry,
2020). Moreover, non-specific inflammatory markers such as
haptoglobin, fibrinogen, and C-reactive protein (CRP) are
increased in depressed patients (Sluzewska et al., 1996).

Supporting the relationship between inflammation and
depression, significant inflammatory activity in rodent models
of depression has been identified (Song and Wang, 2011).
Moreover, several antidepressants have been shown to reduce
the endogenous production of pro-inflammatory cytokines along
with a modification of immune reactivity in the CNS (Capuron
et al., 2002; Nazimek et al., 2017; Galecki et al., 2018). Tricyclic
antidepressants inhibit the release of pro-inflammatory cytokines
IL-6, IL-1f, and TNF-a (Xia et al., 1996). Additionally, the
next-generation antidepressant ketamine has been shown to
decrease depressive symptoms via a decrease in circulating
IL-1B levels (Tan et al, 2017), a protein known to cause
neuroinflammation and depressive behaviors (Dunn et al., 2005;
Dunn, 2006; Swiergiel and Dunn, 2007; Ransohoff and Brown,
2012). Conversely, anti-inflammatory drugs have been shown
to enhance recovery in patients with depression (Mendlewicz
et al.,, 2006; Muller et al., 2006), and depressive symptoms are
observed clinically with the administration of IFNs (Baranyi
etal.,, 2013; Mahajan et al., 2014). IL-10 knockout mice displayed
a decreased latency to immobility in a forced swim test as a
measure of depression, which was rescued by the administration
of IL-10 (Mesquita et al., 2008) that is known to inhibit pro-
inflammatory cytokine production (Ledeboer et al., 2000). Recent
evidence indicated that microbiota dysbiosis is associated with
the development of several chronic inflammatory disorders
such as IBD (Ni et al.,, 2017). Notably, several gut microbial
taxa with differential abundance patterns common to immune-
mediated inflammatory diseases were identified (Forbes et al.,
2018). Several genera including Lactobacillus, Bifidobacterium,
and Faecalibacterium have been shown to stimulate the anti-
inflammatory cytokine including IL-10 (Sokol et al., 2008) and
downregulate inflammatory cytokines (Llopis et al., 2009).

As the gut microbiota play a fundamental effect on the gut
inflammatory and immune responses, it is highly likely that
the role of gut microbiota dysbiosis in the pathophysiology of
depression is induced by immune and inflammation responses
(Slyepchenko et al., 2017). Evidence of increased bacterial
translocation due to the disruption of tight junctions and
barrier integrity of the GI tract has now surfaced in the
pathogenesis of depression (Slyepchenko et al, 2017). The
non-invasive bacterial translocation to the mesenteric lymph
nodes, the lamina propria, and the peripheral blood results
in immune activation and increased production of pro-
inflammatory cytokines. Heightened IgA and IgM-mediated
immune responses to lipopolysaccharide, a component of the
cell walls of gram-negative bacteria, in MDD support the notion
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FIGURE 2 | The reciprocal link between gut microbiota, inflammation and
depression. The role of probiotic supplementation in turning the gut
microbiota composition into a healthier form may lead to normal brain function
and alleviation of depressive symptoms via modulation of inflammatory
responses. Examples of probiotic genera include Lactobacillus,
Bifidobacterium, Lactococcus, Propionibacterium, Bulgaricus, and
Streptococcus. Notably, sex hormones affect gut microbiota and/or
inflammatory signals, which may play a role in the sex bias of depression.

of increased gut microbiota translocation due to a leaky gut
(Maes et al., 2008).

Evidence from rodent experiments confirms the link
between microbiota and depression via inflammatory markers.
Socially stressed mice showing increased fecal Oscillospira
and a decreased fecal Firmicutes/Bacteroidetes ratio developed
depression-like symptoms (Zhang et al., 2017). These symptoms
were rescued via an intravenous treatment with an anti-mouse
IL-6 receptor antibody (MR16-1) that significantly decreased
Oscillospira counts and attenuated the decrease in the fecal
Firmicutes/Bacteroidetes ratio (Zhang et al, 2017). Genetic
deletion or pharmacological inhibition of Caspase-1 that cleaves
IL-1p and IL-18 into their mature isoforms exhibited reduced
depression- and anxiety-like behaviors in a chronic restraint
stress model, combined with an increase in Akkermansia
species that is associated with decreased inflammation and
a rebalancing of the gut microbiota (Alcocer-Gomez et al.,
2014; Anhe et al., 2015; Yang et al., 2015). Recent work has
targeted the effects of the inflammasome in studying the
relationship between the immune system, gut microbiota and
depression (Inserra et al., 2018). It was hypothesized that the
increased NLRP3 signaling due to stress/depression can lead
to an overrepresentation of pro-inflammatory bacterial clades
within the gut microbiota (Inserra et al., 2018). This pathological
change in the gut microbiota composition may even strengthen
the stress/depression phenotype and increase the risk of other
NLRP3-related co-morbid disorders. Notably, several pieces
of evidence have shown that the link between microbiota,
inflammation and depression is indeed reciprocal (Figure 2).
Microbiota dysbiosis in inflammatory diseases such as IBS
can lead to depression (Tribbick et al., 2015; Liu et al., 2016).
Conversely, repeated stress and/or depression increases pro-
inflammatory signaling (Rohleder, 2014), leading to microbiota
dysbiosis and increased representation of pro-inflammatory

bacterial clades (Rogers et al., 2016; Wong et al., 2016; Zheng
et al., 2016).

INFLUENCE OF SEX HORMONES ON
THE GUT MICROBIOTA COMPOSITION
AND GENDER BIAS IN DEPRESSION

Depression is more frequent in women than men with a ratio
of 2:1, which was reported globally and independent of race
or ethnicity (Weissman and Klerman, 1977; Cyranowski et al.,
2000; Andrade et al., 2003; Ford and Erlinger, 2004; Patten et al.,
2006; Bromet et al, 2011; Salk et al, 2017). The finding of
similar female: male prevalence ratios worldwide suggests that the
differential risk is highly dependent on biological sex differences
rather than race, culture or other potentially confounding social
and economic factors (Albert, 2015). As the onset of depressive
disorders in women peaks in their reproductive years, the
increased prevalence of depression may be explained, in part,
by sex hormones. Indeed, the female hormonal fluctuation
during puberty, menstruation, pregnancy, and menopause is a
trigger for depression (Albert, 2015). Estrogen and progesterone
affect neurotransmitter, neuroendocrine, and circadian systems
that have been implicated in mood disorders (Wharton et al,
2012). Androgens seem to have anxiolytic properties, whereas
estrogen receptor activation has opposite consequences, with
ERa having largely anxiogenic-like properties and ERB serving
to generate anxiolytic-like effects (Borrow and Handa, 2017).
Furthermore, rates of depression in females correlate with the
low levels of estrogen that occur throughout the life cycle
(Albert et al., 2015). The risk of depression appears to increase
during the perimenopausal transition (Cohen et al., 2006), with
hormone replacement therapy being effective in the prevention
of postmenopausal depression in women (Gordon and Girdler,
2014). In this light, a study has indicated that women who
reported using an oral contraceptive showed reduced rates of
MDD compared with non-users (Cheslack-Postava et al., 2015),
suggesting a protective role of estrogen against depression. In
contrast, other studies have shown depression and worsened
mood as potential adverse effects of hormonal contraceptive
use (Wiebe et al, 2011; Gingnell et al, 2013; Skovlund
et al, 2016; de Wit et al., 2020). The heterogeneity in these
findings may be explained by differences in study populations
(de Wit et al., 2020).

Current evidence confirming the role of sex hormones on
depression incidence relies mainly on rodent work. A recent
study has explored the effect of treatment with a 5-a-reductase
inhibitor that converts steroid hormones testosterone and
progesterone into dihydrotestosterone and dihydroprogesterone,
respectively on depression-like behavior in rats, as well as
1 month of treatment withdrawal (Diviccaro et al., 2019). The
withdrawal from the 5-a-reductase inhibitor was associated
with elevated depression-like symptoms, as measured by the
forced swim test (Diviccaro et al., 2019). Interestingly, a
change in sex hormone concentration is associated with an
altered immune profile and a shift in inflammation responses
(Figure 2; Kupelian et al, 2009; Casimir et al., 2010;
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TABLE 2 | Clinical trials on probiotic supplementation in individuals with depression.

References Sample size Mean age in Gender Study compound and duration A change in INT group Limitations/notes
(INT/PL) years + SD (males/females)
Akkasheh et al., MDD: 40 INT: 38.30 + 12.10 INT: (8/17) - The study was performed for 8 weeks. -} BDI - No analysis of other biomarkers of
2016 INT: 20 PL: 36.20 + 8.20 PL: (8/17) - INT received probiotic capsules daily - JSerum insulin levels, inflammation or oxidative stress
PL: 20 and consisted of Lactobacillus homeostasis model - A short intervention
acidophilus (2 x 109 CFU/g), assessment of insulin - Not knowing which strain in the
Lactobacillus casei (2 x 109 CFU/g), resistance, and serum probiotic supplements caused the
and Bifidobacterium bifidum hs-CRP concentrations treatment effect
(2 x 10° CFU/g). - 4Plasma total glutathione
- PL received capsules containing levels
starch but no bacteria. - No change in fasting
plasma glucose,
homeostatic model
assessment of beta-cell
function, quantitative insulin
sensitivity check index, lipid
profiles, or total antioxidant
capacity levels
Mohammadi et al., petrochemical INT 1: 33.20 + 6.40 INT 1: (12/13) - The study was performed for 6 weeks. -1GHQIN INT 1 and INT 2 - A short intervention
2016 workers: 70 INT 2: 31.50 + 5.80 INT 2: (12/13) - INT 1 received 100 g/day probiotic - JDASS scores in INT 1 -No assessment of the rate that
INT 1: 25 PL: 33.10 £ 6.10 PL: (12/8) yogurt (Lactobacillus acidophilus LAS and INT 2 short-chain fatty acids
INT 2: 25 and Bifidobacterium lactis BB12 with a - No change of GHQ or were produced by probiotics in the gut
PL: 20 total of min 1 x 107 CFU) + one DASS scores in PL

placebo capsule.

- INT 2 received one probiotic capsule
daily (Lactobacillus casei 3 x 103,
Lactobacillus acidophilus 3 x 107,
Lactobacillus rhamnosus 7 x 109,
Lactobacillus bulgaricus 5 x 108,
Bifidobacterium breve 2 x 1019,
Bifidobacterium longum 1 x 109,
Streptococcus thermophilus

3 x 108 CFU/g and 100 mg
fructo-oligosaccharide with lactose as
carrier substances) + 100 g/day
conventional yogurt.

- PL received 100 g/day conventional
yogurt (Streptococcus thermophilus
and Lactobacillus bulgaricus) + one
placebo capsule (the same substance
without bacteria).
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TABLE 2 | (Continued)

References

Study compound and duration

A change in INT group

Limitations/notes

Slykerman et al.,
2017

Ghorbani et al.,
2018

Majeed et al., 2018

Sample size Mean age in Gender
(INT/PL) years + SD (males/females)
Pregnant women of INT: 33.50 + 4.24 Only females
14-16 weeks PL: 33.70 + 4.44

gestation: 423

INT: 212

PL: 211

Individuals with INT: 34.45 + 3.95 INT: (6/14)
moderate PL: 35.50 + 5.27 PL: (6/14)
depression: 40

INT: 20

PL: 20

MDD: 40 INT: 40.36 &+ 10.28 INT: (3/17)
INT: 20 PL: 43.88 +9.85 PL: (3/17)
PL: 20

- The study was performed until

6 months postpartum if breastfeeding.
-INT received a daily Lacticaseibacillus
rhamnosus HNOO1 at a dose of

6 x 10° CFU.

-PL received a daily placebo
(corn-derived maltodextrin).

- All Patients received fluoxetine

(20 mg/d) for 4 weeks before and
throughout the whole study.

- The study was performed for 6 weeks.
- INT received 2 capsules daily
containing 500 mg probiotics
(Lactobacillus casei 3 x 108 CFU/g,
Lactobacillus acidophilus

2 x 108 CFU/g, Lactobacillus
bulgaricus 2 x 10° CFU/g,
Lactobacillus rhamnosus

3 x 108 CFU/q, Bifidobacterium breve
2 x 108 CFU/g, Bifidobacterium
longum, 1 x 10° CFU/g,
Streptococcus thermophilus

3 x 108 CFU/g) and 100 mg
fructooligosaccharide as prebiotic.

- PL received 2 placebo capsules daily
containing 1,000 mg magnesium
stearate.

- The study was performed for 90 days.
- INT received a daily dose of

2 x 10° CFU Bacillus coagulans MTCC
5856 (600 mg) that contained also,
microcrystalline cellulose, starch,
sodium starch glycolate and
magnesium stearate.

-PL received placebo tablets that had
the same ingredients except for Bacillus
coagulans MTCC 5856.

- | Depression and anxiety
scores in EPDS and STAI6
- | Clinically relevant anxiety
on screening

- JHAM-D score at the
endpoint of the intervention

- {HAM-D, MADRS,
CES-D, IBS-QOL in INT

- JCGlI-l, CGI-S,

Dementia - TFS, GI-DQ,
mMESS in INT

-} Serum myeloperoxidase
in INT but not PL

- The EPDS and STAI6 are screening
tools for postnatal depression and
anxiety, but not diagnostic.

-The information was collected
retrospectively, and neither the EPDS
nor the STAI6 has been validated using
the questions phrased in the past
tense.

- A short period of follow-up

- A small number of participants

- A short period of follow-up
- A small number of participants
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TABLE 2 | (Continued)

References Sample size Mean age in Gender Study compound and duration A change in INT group Limitations/notes
(INT/PL) years + SD (males/females)
Kazemi et al., 2019 MDD: 110 INT 1: 36.15 + 7.85 INT 1: (11/27) - The study was performed for 8 weeks. - [BDI score in INT 1 - 10 subjects from INT 1, 9 from INT 2
INT 1: 38 INT 2: 37.35 + 7.97 INT 2: (9/27) - INT 1 received probiotic product compared to PL and 10 from PL dropped out before the
INT 2: 36 PL: 36.00 + 8.47 PL: (12/24) consisting of freeze-dried Lactobacillus - JKynurenine/tryptophan trial completion
PL: 36 helveticus R0052 and Bifidobacterium ratio compared to PL - A lack of fecal microbiome analysis
longum RO175 (CNCM strain |-3470) - 1 Tryptophan/isoleucine - The intervention was conducted at
bacteria (10 x 10° CFU) per 5 g ratio compared to PL different times of the year
sachet + xylitol, maltodextrin, plum - No change of BDI score in - No control of changes in lifestyle, diet,
flavor and malic acid INT 2 compared to PL vitamin D status, etc.
- INT 2 received a prebiotic product - Tryptophan/BCAAs ratio - Different used antidepressant drugs
consisting of galactooligosaccharide in INT 2 compared to PL
and 0.2% Plum flavor
- PL received a product consisting of
xylitol, maltodextrin, plum flavor and
malic acid.
Wallace and Milev, MDD: 10 INT: 25.20 + 7.00 INT: (8/7) - The study was performed for 8 weeks. - |MADRS, QIDS-SR16 -A small number of participants
2021 INT: 10 - INT received a probiotic supplement and SHAPS scores - An open-label design and lack of
containing Lactobacillus helveticus - JGAD-7 and STAI scores placebo
R0052 and Bifidobacterium longum - 1Sleep quality measured - A reduced generalizability of the
RO175 at a dose of 3 x 109 CFU once by PSQI results
per day. - The sample was disproportionately
skewed toward young adult females.
Ostlund- General older INT: 72.60 + 5.80 INT: (54/71) -The study was performed for - No change in GSRS, - A possibility that participants suffering
Lagerstrom et al., adults: 249 PL: 72.00 £ 5.60 PL: (43/81) 12 weeks. depression or anxiety from IBS were included in the study
2016 INT: 125 -INT received a product consisting of a scores - An additional more fine-tuned
PL: 124 stick-pack containing freeze-dried - No change in the stress instrument such as the ROME Il
Lactobacillus reuteri DSM 17938 level (PSS scores) symptom criteria, might have increased
(1 x 108 CFU/stick-pack), rhamnose, - No change in EQ-VAS or the sensitivity
galactooligosaccharide and EQ-5D-index scores - The use of a low dose of Lactobacillus
maltodextrin to a total weight of 1 g. assessing the quality of life reuteri
-PL received a product consisting of - No change in stool - The study was underpowered.
maltodextrin. frequency
Romijn et al., 2017 Individuals with low INT: 35.80 + 14.00 INT: (8/32) - The study was performed for 8 weeks. - No change in MADRS, - No measurement of BMI, body fat,
mood: 79 PL: 35.10 £ 14.50 PL: (9/30) -INT received a product consisting of CGI-S, CGlI-Il, QIDS-SR16, dietary intake and physical activity
INT: 40 freeze-dried Lactobacillus helveticus GAF, DASS -A lack of intestinal microbiome analysis
PL: 39 R0052 and Bifidobacterium longum - No difference in biomarker ~ -A small sample size

R0175 bacteria at a dosage of

3 x 10% CFU per 1.5 g sachet + xylitol,
maltodextrin, plum flavor and malic
acid.

-PL received a product consisting of
xylitol, maltodextrin, plum flavor and
malic acid.

levels

- A short length of the intervention
period
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TABLE 2 | (Continued)

References Sample size Mean age in Gender Study compound and duration A change in INT group Limitations/notes
(INT/PL) years + SD (males/females)
Rudzki et al., 2019 MDD: 60 INT: 39.13 + 9.96 INT: (7/23) - The study was performed for 8 weeks. - No change in HAM-D 17, -A small sample size
INT: 30 PL: 38.90 + 12.00 PL: (10/20) -Both INT and PL received SSRI SCL-90 or PSS - No measurements of intestinal
PL: 30 treatment during the whole study. - Improvement of work permeability
- INT received 2 capsules daily with speed in APT - No measurement of QUIN or vitamin
each containing 10 x 109 CFU of - Improvement of CVLT B levels
probiotic bacteria Lactobacillus total recall
Plantarum 299v. -} Kynurenine concentration
- PL received 2 capsules daily -+3HKYN:KYN ratio
containing crystalline cellulose powder.
Reininghaus et al., Inpatient MDD: 61 INT: 43.00 + 14.31 INT: (8/20) - The study was performed for 4 weeks. - No difference between - A short length of the intervention
2020 INT: 28 PL: 40.11 £ 11.45 PL: (6/27) -INT and PL received 125 mg D-Biotin. INT and PL in any of the Period

PL: 33

-INT received probiotics containing
Bifidobacterium bifidum W23,
Bifidobacterium lactis W51,
Bifidobacterium lactis W52,
Lactobacillus acidophilus W22,
Lacticaseibacillus casei W56,
Lacticaseibacillus paracasei W20,
Lactiplantibacillus plantarum \W62,
Lactobacillus salivarius W24 and
Lactococcus lactis W19 + 30 mg of
common horsetail, 30 mg of fish
collagen and 30 mg of keratin plus
matrix

-PL received a product containing

30 mg of common horsetail, 30 mg of
fish collagen and 30 mg of keratin plus
matrix.

psychiatric scales

- No difference in intestinal

barrier function
-fRuminococcus
gauvreauii in INT

- Taxonomically related

Coprococcus

-The strong decrease in depression in
both groups may have masked the
difference between them

- Changes in nutritional habits might
have influenced the results.

-A difference at baseline for smoking
status between both groups

- The high number of females may have
skewed the results.

The clinical studies of Ostlund-Lagerstrém et al. (2016), Romijn et al. (2017), Rudzki et al. (2019), Reininghaus et al. (2020) did not reveal a significant improvement in the depression phenotype. INT, Intervention; PL,
Placebo; CFU, Colony-forming units, SSRI, Selective serotonin reuptake inhibitor; BDI, Beck Depression Inventory; GHQ, General health questionnaire; DASS, Depression anxiety and stress scale; EPDS, Edinburgh
Postnatal Depression Scale; STAI6, State Trait Anxiety Inventory 6 item version; HAM-D, Hamilton rating scale for depression; MADRS, Montgomery-Asberg Depression Rating Scale; CES-D, Center for Epidemiological
Studies Depression Scale; IBS-QOL, Irritable Bowel Syndrome Quality of Life Questionnaire; CGl-I, Clinical Global Impression-Improvement rating Scale; CGI-S, Clinical Global Impression Severity Rating Scale;
Dementia — TFS, Dementia — Total frequency scoring; GI-DQ, Gastrointestinal Discomfort Questionnaire; mESS, Modified Epworth Sleepiness Scale; QIDS-SR16, Quick Inventory of Depressive Symptomatology;
SHAPS, Snaith-Hamilton Pleasure Scale; GAD-7, Generalized Anxiety Disorder 7-item scale; STAI, State Trait Anxiety Inventory; PSQI, Pittsburgh Sleep Quality Index; GSRS, Gastrointestinal symptoms rating scale;

PSS, Perceived stress scale; GAF, Global Assessment of Functioning; SCL-90, Symptom Checklist; APT, Attention and Perceptivity Test; CVLT, California Verbal Learning Test.
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Karim et al., 2010; Maggio et al., 2011; Bobjer et al., 2013; Park
and Lee, 2020; Grandys et al., 2021) (for reviews, see Monteiro
et al., 2014; Au et al, 2016; Mohamad et al., 2018; Slavich
and Sacher, 2019). The alteration of inflammatory responses
due to sex hormones suggests their combined role in the
pathophysiology of depression.

Although gut microbiota differed in males and females,
castrated male mice showed similar microbiota composition
to females, suggesting an influence of androgens on the gut
microbiota composition (Markle et al., 2013; Yurkovetskiy et al.,
2013). Moreover, testosterone treatment after gonadectomy
rescued the alteration in the gut microbiota composition that
was observed in the untreated males (Org et al., 2016). Several
studies have shown a direct effect of estrogen on the gut
microbiota composition (Flores et al., 2012; Cox-York et al., 2015;
Chen and Madak-Erdogan, 2016; Org et al.,, 2016). Treatment
with a 5-a-reductase inhibitor was associated with increased
Bacteroidetes and Prevotellaceae counts, and the withdrawal was
associated with a reduction in the family Ruminococcaceae and
the genera Oscillospira and Lachnospira (Diviccaro et al., 2019).
Interestingly, there seems to be a reciprocal interaction between
gut microbiota and sex hormones leading to a change in the level
of sex hormones because of differences in gut microbiota (Markle
et al., 2013) and that gut microbiota regulate the production
and/or utilization of testosterone and cause a difference in
metabolism (Colldén et al., 2019).

Several studies have addressed the effects of sex on the gut
microbiota in humans, which is suggested to be mediated, at
least in part, by a difference in sex hormones levels (Figure 2;
Mueller et al., 2006; Li et al., 2008; Ding and Schloss, 2014;
Dominianni et al., 2015; Haro et al,, 2016; Singh and Manning,
2016; Borgo et al., 2018; Gao et al., 2018; Sinha et al., 2019;
Takagi et al., 2019) (for a recent review, see Kim et al., 2020). The
sex differences in the gut microbiota composition mediated by
sex hormones may exert adverse inflammatory and psychological
effects related to depression and other neuropsychiatric disorders
(Yurkovetskiy et al., 2013). For instance, adult women have
reduced Bacteroidetes counts in their gut compared to age-
matched men (Dominianni et al., 2015). Interestingly, the low
levels of Bacteroidetes were previously observed in the fecal
microbiota from patients diagnosed with clinical depression
(Naseribafrouei et al, 2014). A study in a Chinese cohort
revealed increased Actinobacteria levels in female MDD patients
compared to female controls but reduced Bacteroidetes levels in
male MDD patients compared to male controls (Chen J. J. et al.,
2018).

In summary, the sex differences in the gut microbiota
composition due to the effect of sex hormones may play a role
in the sex bias of depression.

PROBIOTICS AS AN ADJUNCTIVE
THERAPEUTIC OPTION FOR
DEPRESSION

Given the strong association between the gut microbiota and the
pathophysiology of depression, modulation of the gut microbiota

composition can be a promising method for ameliorating the
behavioral symptoms related to depression along with other
neuropsychiatric disorders (Larroya-Garcia et al., 2019). One
way for maintaining a healthy gut microbiota composition is
mediated by the supplementation of probiotics; the consumable
microbes intended to promote a healthy microbiota and can
provide a benefit to the host when administered in adequate
amounts (Butel, 2014) (Figure 2). The main bacterial genera
used as probiotics in preclinical and clinical studies are the
Lactobacillus and Bifidobacterium genera (Genedi et al., 2019).
Studies involving animal models demonstrated that probiotics
improved cognition, mood, anxiety, and stress (Sudo et al., 2004;
Desbonnet et al., 2010; Bravo et al., 2011; Ait-Belgnaoui et al,,
2014; Smith et al., 2014; Mohle et al., 2016; Bruce-Keller et al.,
2018; Chunchai et al., 2018; Hadizadeh et al., 2019). Probiotics
have also been studied in non-psychiatric individuals, and initial
work showed improvements in cognitive function (Marotta et al.,
2019) along with reducing constipation in different populations
(Chmielewska and Szajewska, 2010; Miller and Ouwehand, 2013;
Dimidi et al., 2014). Probiotic supplementation showed an
enhancement in sleep, autonomic balance, and bowel habits and
reduced stress and cortisol levels in Japanese medical students
(Nishida et al, 2017). Moreover, healthy women who drank
a probiotic-containing fermented milk product for 1 month
showed lower brain activation when exposed to emotional stimuli
(Tillisch et al., 2013). In a randomized controlled trial in healthy
individuals, multispecies probiotics were able to reduce cognitive
reactivity toward sad moods via a reduction in rumination and
aggressive thoughts (Steenbergen et al., 2015). The Lactobacillus
helveticus and Bifidobacterium longum probiotic mix given to
healthy individuals for 1 month alleviated psychological distress
compared to a control group, similar to the results seen in rats
(Messaoudi et al., 2011). Moreover, the healthy individuals in
the bottom third on the depressed/elated dimension reported
improved mood after drinking probiotic-containing milk for
3 weeks (Benton et al., 2007).

The desire for a more effective treatment and a prevention of
depression seems perpetually at the top of the list in terms of
global health concerns to reduce the burden of this condition.
The idea of treating depression with probiotics roots back to
1910 when Dr. George Porter Phillips reported that a gelatin-
whey formula comprised of lactic-acid-producing bacteria
decreased depressive symptoms in melancholic adults (Phillips,
1910). Preclinical studies and clinical trials have increasingly
investigated the roles of probiotics in the treatment of depressive-
like behaviors. In rodents, there is considerable evidence
suggesting the effect of probiotics in decreasing the depression-
like behaviors. Lactobacillus rhamnosus administration reduced
stress-induced anxiety- and depressive-like behaviors in mice
(Bravo et al., 2011). Bifidobacterium longum improved the
depressive-like phenotype during the tail suspension test
in a mouse model of heightened anxiety (Savignac et al,
2014). Likewise, daily Lactobacillus helveticus NS8 treatment
reduced anxiety- and depressive-like behavioral dysfunctions
in adult specific-pathogen-free rats facing chronic restraint
stress in comparison to a selective serotonin reuptake inhibitor
(SSRI) treatment (Liangetal,2015). In a chronic mild stress
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model of depression, mice receiving a three-strain probiotic
blend, Lactobacillus helveticus, Lactobacillus plantarum, and
Bifidobacterium longum, displayed improved depression-like
behavioral responses accompanied by a reduced TNF-a and
interferon (IFN)-y levels (Li et al, 2018). In another study,
the administration of Faecalibacterium prausnitzii via oral
gavage for 4 weeks in a chronic unpredictable mild stress
model in rats resulted in decreased depression-like behaviors
accompanied by increased IL-10 and decreased IL-6 and CRP
levels (Hao et al.,, 2019). In another study, an administration
of a probiotic formulation containing Lactobacillus plantarum,
Lactobacillus rhamnosus, Bifidobacterium lactis, Bifidobacterium
breve, and Pediococcus pentosaceus alleviated depressive-like
behaviors in mice and decreased corticosterone level by
restoring the gut microbiota composition (Liu et al., 2020). In
Fischer and Long Evans rats subjected to maternal deprivation,
a probiotic mixture composed of Lactobacillus helveticus,
Bifidobacterium longum, Lactococcus lactis, and Streptococcus
thermophilus reduced anxiety- and depression-like behaviors
accompanied by a change in the levels of certain metabolites
(Daugé et al., 2020).

Clinical studies revealed contradicting results regarding the
efficiency of probiotics in decreasing depressive symptoms
(for a summary, see Table 2). In an 8-week, randomized,
double-blind, placebo-controlled clinical trial, a triple-strain
probiotic mix, Lactobacillus acidophilus, Lactobacillus casei,
and Bifidobacterium bifidum, resulted in improvements in
depression scores in BDI in an MDD cohort (Akkasheh et al.,
2016). Additionally, other beneficial metabolic effects were
revealed including a significant reduction in inflammatory
markers such as serum insulin, homeostasis model assessment
of insulin resistance and serum hs-CRP (Akkasheh et al,
2016). Another 8-week, randomized, double-blind, placebo-
controlled clinical trial examining the effect of a probiotic mix
of Lactobacillus helveticus and Bifidobacterium longum on mild
to moderate MDD reported a decrease in depression score in
BDI (Kazemi et al., 2019). Interestingly, a randomized, placebo-
controlled, double-blind study reported that daily Lactobacillus
rhamnosus during pregnancy and into the post-partum period
significantly decreased postnatal anxiety and depression scores
(Slykerman et al., 2017). Another study testing the add-on
effect of probiotic and prebiotic, the non-digestible plant-based
carbohydrates that serve as nutrition for resident bacteria,
on fluoxetine revealed a decrease in the score of hamilton
rating scale for depression (HAM-D) compared to the placebo
after 6 weeks of treatment (Ghorbani et al., 2018). One study
provided petrochemical workers with either a probiotic capsule,
probiotic yogurt, or conventional yogurt control, with both
probiotic conditions resulting in a reduction of depressive
symptoms on the general health questionnaire (GHQ) and
depression anxiety and stress scale (DASS) scores as compared
to control (Mohammadi et al, 2016). In another study, the
efficacy of Bacillus coagulans administration on MDD in IBS
patients was tested and revealed an improvement in HAM-
D, Montgomery-Asberg Depression Rating Scale (MADRS),
Center for Epidemiological Studies Depression Scale (CES-D)
as well as reduced serum myeloperoxidase, an inflammatory

biomarker (Majeed et al,, 2018). In a recent open-label pilot
study, a probiotic supplement containing Lactobacillus helveticus
and Bifidobacterium longum administrated once per day for
8 weeks showed an improvement in affective clinical symptoms
after 4 weeks, which was sustained till the end of the study
(Wallace and Milev, 2021).

Other studies in the literature failed to show any improvement
of depression scores in MADRS following 8 weeks of primary
treatment with probiotics mix of Lactobacillus helveticus and
Bifidobacterium longum (Romijn et al., 2017). Moreover, there
was no change in psychological symptoms and the concentrations
of CRP, IL-1B, IL-6, or TNF between baseline and the end
of the study (Romijn et al, 2017). Worth notice is that
individuals in this study were not taking any antidepressant
medication at the time of the study, and their depressive
history was entirely self-reported without a formal diagnostic
interview (Romijn et al., 2017). In another study of individuals
diagnosed with MDD, SSRI treatment supplemented with
Lactobacillus  plantarum did not exhibit any improvement
in depressive symptoms and did not change the levels of
circulating TNEF, IL-6, or IL-1p, although there was an increase
in cognitive functioning (Rudzki et al, 2019). In another
study, the health properties of Lactobacillus reuteri DSM17938
were investigated in individuals older than 65 and revealed
no improvement in digestive health, general wellbeing, stress,
anxiety, or depression (Ostlund-Lagerstrém et al., 2016). In
a randomized clinical study in 2020, a combination of 9
bacterial species Bifidobacterium bifidum W23, Bifidobacterium
lactis W51, Bifidobacterium lactis W52, Lactobacillus acidophilus
W22, Lactobacillus casei W56, Lactobacillus paracasei W20,
Lactobacillus plantarum W62, Lactobacillus salivarius W24,
and Lactobacillus lactis W19 in addition to biotin yielded no
improvement in psychiatric symptoms in patients with MDD
(Reininghaus et al., 2020).

CONCLUSION

Gut microbiota were incorporated into neurobiological models
of depression via an effect on immune, endocrine, and
nervous system responses, allowing a more comprehensive
model of depression (Figure 2). The strong association
between microbiota dysbiosis and depression could pave
the way for enhancing diagnostic accuracy and patient
phenotyping for treatment selection. Moreover, it can
advance the treatment and prevention of depression by
modifying the gut microbiota composition and offer an
important future strategy in psychiatry via nutritional
interventions, prebiotic or probiotic supplementations.
Although preclinical mechanistic experimental data indicated
that the manipulation of the gut microbiota with probiotics
may have antidepressant and anxiolytic effects, there is limited
clinical evidence for the efficacy of probiotics in depression
at present. Notably, several probiotic studies that failed to
show an improvement in depression revealed also no change
in pro-inflammatory markers. Given the reciprocal link
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between microbiota, inflammation and depression discussed in
this review, we believe that probiotics may partially exert their
roles through a modification of the immune system. Generally,
additional randomized clinical trials in patients with depression
are necessary to fully evaluate their therapeutic potential on
the clinical diagnosis and inflammatory biomarkers. Different
factors should be kept into consideration to maximize the benefit
of probiotic supplementation. The microbial diversity obtained
by incorporating multiple strains of organisms is suggested to
be more effective than using a single organism. Investigations
at a finer taxonomic level coupled with multi-omic techniques
such as transcriptomics, proteomics, and metabolomics are also
needed to exclude confounding factors as much as possible.
Since sex hormones can affect the inflammation biomarkers, with
probiotics causing different inflammatory responses in female
and male mice (Karunasena et al., 2014; Lee et al., 2017), sex
should be taken into account in studies on gut microbiota,
probiotics and depression.
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Different acupoints exhibiting similar therapeutic effects are a common phenomenon in
acupuncture clinical practice. However, the mechanism underlying this phenomenon
remains unclear. This study aimed to investigate the similarities and differences in
cerebral activities elicited through stimulation of CV12 and ST36, the two most
commonly used acupoints, in the treatment of gastrointestinal diseases, so as to partly
explore the mechanism of the different acupoints with similar effects. Thirty-eight eligible
functional dyspepsia (FD) patients were randomly assigned into either group A (CV12
group) or group B (ST36 group). Each patient received five acupuncture treatments
per week for 4 weeks. The Symptom Index of Dyspepsia (SID), Nepean Dyspepsia
Symptom Index (NDSI), and Nepean Dyspepsia Life Quality Index (NDLQI) were used
to assess treatment efficacy. Functional MRI (fMRI) scans were performed to detect
cerebral activity changes at baseline and at the end of the treatment. The results
demonstrated that (1) improvements in NDSI, SID, and NDLQI were found in both
group A and group B (p < 0.05). However, there were no significant differences in
the improvements of the SID, NDSI, and NDLQI scores between group A and group
B (p > 0.05); (2) all FD patients showed significantly increased amplitude of low-
frequency fluctuation (ALFF) in the left postcentral gyrus after acupuncture treatment,
and the changes of ALFF in the left postcentral gyrus were significantly related to the
improvements of SID scores (r = 0.358, p = 0.041); and (3) needling at CV12 significantly
decreased the resting-state functional connectivity (rsFC) between the left postcentral
gyrus and angular gyrus, caudate, middle frontal gyrus (MFG), and cerebellum, while
needling at ST36 significantly increased the rsFC between the left postcentral gyrus with
the precuneus, superior frontal gyrus (SFG), and MFG. The results indicated that CV12
and ST36 shared similar therapeutic effects for dyspepsia, with common modulation
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on the activity of the postcentral gyrus in FD patients. However, the modulatory pattern
on the functional connectivity of the postcentral gyrus was different. Namely, stimulation
of GV12 primarily involved the postcentral gyrus—reward network, while stimulation of
ST36 primarily involved the postcentral gyrus—default mode network circuitry.

Keywords: acupuncture, functional dyspepsia, default mode network, reward network, functional magnetic

resonance imaging

INTRODUCTION

Functional dyspepsia (FD) is a common functional
gastrointestinal disease (FGID) with clinical incidence ranging
from 8 to 40% (Ghoshal et al., 2011; Mahadeva and Ford, 2016).
The main clinical manifestations of FD are epigastric pain,
epigastric burning, early satiety, and postprandial fullness, which
cannot be attributed to organic and metabolic causes (Tack
and Talley, 2013; Drossman, 2016). FD not only significantly
affects the quality of life (QoL) of patients but also creates
severe socioeconomic burden (Talley et al,, 2006). Due to the
complex etiology of FD, there is currently a lack of effective
pharmaceuticals (Tack and Camilleri, 2018; Yamawaki et al.,
2018; Tack et al., 2019), so non-pharmaceutical therapies are
sought out by doctors and patients alike.

Acupuncture, as the most commonly used alternative
and complementary treatment modality worldwide, has been
accepted as an effective therapy for FD (Yang et al., 2020; Wang
et al,, 2021). A number of clinical studies have shown that
acupuncture not only can relieve symptoms of dyspepsia but
can also improve patient QoL and emotional states (Xu et al,
2006; Ma et al., 2012; Zeng et al., 2012; Yang et al., 2020). For
example, our previous results indicated that genuine acupuncture
can significantly improve QoL and symptoms of FD patients
when compared to sham acupuncture and oral itopride (Ma
et al,, 2012). A data mining-based review found that more than
20 acupoints can be used for treating FD in clinical practice.
Among them, Zusanli (ST36) and Zhongwan (CV12) are the most
commonly used (Cao et al., 2016a,b). Despite the two points
exhibiting treatment efficacy, their mechanisms in the treatment
of FD remain to be further studied.

In the last decade, a number of neuroimaging studies have
demonstrated that FD patients exhibit significant functional
and structural alterations in multiple brain regions, including
the frontal cortex, somatosensory cortex, postcentral gyrus,
precuneus, and caudate tail (Zeng et al., 2009; Nan et al,
2014; Lee et al., 2016; Qi et al, 2020), and these abnormal
functional activities can be regulated by acupuncture, to
some degree (Zeng et al, 2012; Chen et al, 2021). For
example, a previous functional MRI (fMRI) study found that
acupuncture at Weishu (BL21) and Zhongwan (CV12) can
modulate the disrupted functional connectivity (FC) between
the insula and other brain regions in rat models of FD
(Chen et al, 2021). Our previous studies also indicated that
needling acupoints on the stomach meridian could significantly
reduce abnormally high glucose metabolism in the homeostatic
afferent network of FD patients and that this regulatory effect
is different from needling sham acupoints and from needling

acupoints not used for treating FD (Zengetal., 2012,2015).
However, the question of whether different acupoints with
similar therapeutic effects share similar influences on brain
function in patients with FD has not been explored in
previous studies.

Therefore, on the basis of verifying similar clinical effects
of ST36 and CVI12 in the treatment of FD, our study aimed
to 1) observe the influence of acupuncture on brain functional
activities of all FD patients using fMRI, and attempt to determine
potential target brain areas related to acupuncture efficacy, and
2) investigate the effects of needling at ST36 and CV12 on FC
of the target brain region, in order to explore the mechanism(s)
governing similar effects exhibited by different acupoints.

MATERIALS AND METHODS

This was a randomized controlled neuroimaging trial. The FD
patients were recruited from the campus of Chengdu University
of Traditional Chinese Medicine (CDUTCM) and the Digestive
Department of the Afhliated Hospital of CDUTCM between
January 2016 and May 2018. All patients were diagnosed
by clinicians in the Digestive Department of the Affiliated
Hospital of CDUTCM.

This study was performed according to the principles of the
Declaration of Helsinki (Version Edinburgh 2000). The study
protocol was approved by the Ethics Committee of the Affiliated
Hospital of CDUTCM (No. 2014KL-028) and registered at
the Clinical Trial Registry (registration number: ChiCTR-IOR-
15006402).

Participants

Patients were enrolled if they fulfilled all of the following
inclusion criteria: (1) were aged 18 to 45 years; (2) were right-
handed; (3) matched the Rome III diagnosis criteria for FD; (4)
had not taken any gastrointestinal drugs or received acupuncture
treatment for at least 15 days before entering the study; and (5)
provided assigned informed consent. Patients were excluded if
they (1) were pregnant or lactating; (2) had a history of head
trauma with loss of consciousness or gastrointestinal surgery;
(3) were currently taking drugs promoting gastrointestinal
dynamics; (4) had any contraindications to acupuncture; or (5)
had any MRI contraindications, such as pacemakers, fixed metal
dentures, or severe claustrophobia.

After an initial 2-week baseline evaluation, 38 eligible patients
were randomly assigned to two groups using a computer-
generated randomization sequence. The randomization
information was concealed from the researchers until the
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completion of statistical analysis. Patients were blinded to the
group assignment.

Acupuncture Intervention

The acupoint used for group A was Zhongwan (CV12),
while the acupoint used for group B was Zusanli (ST 36).
The locations of the acupoints are shown in Figure 1.
Acupuncture treatment was administered by two licensed
acupuncturists with more than 6 years of clinical experience
and who had received specialized acupuncture training in the
selection of acupoints and standard acupuncture operating
procedures. Manual acupuncture treatment was administered
using disposable sterile filiform needles (25-40 x 0.25 mm,
Huatuo Medical Instrument Co., Ltd., Jiangsu, China). The
acupuncture treatment protocol used is outlined in our previous
study (Yin et al., 2017). All patients received five acupuncture
treatments per week for 4 weeks.

Outcome Measurement

The Symptom Index of Dyspepsia (SID) and the Nepean
dyspepsia index (NDI) were used to assess the efficacy of
acupuncture for treating FD. The SID focused on the four
chief symptoms of FD: postprandial fullness discomfort, early
satiety, epigastric pain, and epigastric burning. Each symptom
was graded as follows: asymptomatic (0 points), mild (1 point),
moderate (2 points), or severe (3 points; Ma et al., 2012). The NDI
is composed of the Nepean Dyspepsia Symptom Index (NDSI)
and Nepean Dyspepsia Life Quality Index (NDLQI) (Talley et al.,
1999). The NDSI evaluates the clinical symptoms of patients by
measuring the frequency, intensity, and level of discomfort for 15

upper gastrointestinal symptoms. The NDLQI is an FD-specific
questionnaire to assess patients QoL from four dimensions,
including interference (13 items), knowledge/control (7 items),
eat/drink (3 items), and sleep/disturb (2 items). Furthermore,
the Self-Rating Anxiety Scale (SAS) (Zung, 1971) and Self-Rating
Depression Scale (SDS) (Zung et al., 1965) were used to evaluate
the emotional states of patients. The SID, NDSI, NDLQI, SAS,
and SDS were measured at baseline and the end of the treatment.

Functional MRI Scan

All patients received MRI scans at baseline and the end of
the treatment. MRI data were acquired with a 3.0-T magnetic
resonance scanner (Siemens, Munich, Germany) at Huaxi
Magnetic Resonance Research Center, West China Hospital of
Sichuan University, Chengdu, China. The scanning procedure
contained a localizer, a high-resolution three-dimensional T1-
weighted imaging (3D-T1WI), and a blood oxygenation level-
dependent fMRI (BOLD-fMRI). According to previous studies,
resting-state fMRI (rsfMRI) signals can vary when awake versus
asleep, while the arousal level is closely related to rsfMRI signals
at the sensorimotor region (Gu et al.,, 2019). Therefore, patients
were told to maintain wakefulness during the scan to avoid the
effect of falling asleep on brain activity in this study.

The scanning parameters were as follows: 3D-T1WI:
repetition time (TR)/echo time (TE) = 1,900/2.26 ms; slice
thickness = 1 mm; slices = 176; matrix size = 256 x 256;
field of view (FOV) = 256 x 256 mm?® BOLD-fMRI:
TR/TE = 2,000/30 ms; flip angle = 90°; slice number = 30; matrix
size = 64 x 64; FOV = 240 x 240 mm?; slice thickness = 5 mm;
total fMRI scans = 180, with the functional scan lasting 6 min.

Locations of Acupoints

FIGURE 1 | Acupoint locations of He-Mu point combination. Zhongwan (CV12): on the anterior median line of the upper abdomen, 4 cun above the navel. Zusanli
(ST36): on the anterior lateral side of the shank, 3 cun below Dubi (ST35), one horizontally placed finger distance lateral to the anterior border of the tibia.

13 cun
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Statistical Analysis

Clinical Data

Data analysis was performed using SPSS 22.0 statistic software
package (IBM Corp, Somers, NY, United States). Independent-
samples t-test, Mann-Whitney U-test, and chi-square tests
were applied to compare the baseline demographic and clinical
characteristics of FD patients. A paired ¢-test or Wilcoxon signed-
rank test was applied to compare within-group differences, and
analysis of covariance (ANCOVA) was applied for between-
group analysis. Correlation analysis was performed using
Pearson’s correlation analysis. A p-value < 0.05 was considered
statistically significant.

Functional MRI Data

Data Preprocessing

The functional BOLD data were preprocessed using Data
Processing Assistant for Resting-State fMRI (DPARSF) software'
in MATLAB (MathWorks, Inc., Natick, MA, United States).
During the preprocessing phase, the first 10 timepoints were
discarded to avoid instability in initial MRI signals, and slice-
timing correction, head motion estimation, and realignment were
performed. Then images were segmented and coregistered to
each patients’ high-resolution T1 scan and normalized to the
standard Montreal Neurological Institute (MNI) template. After
that, images were smoothed with a Gaussian kernel of 6-mm? full
width at half maximum (FWHM) and band-pass filtered with a
frequency window of 0.01-0.08 Hz. Patients with excessive head
motion [with mean frame-wise displacement greater than 0.5 mm
(Power et al., 2012)] were excluded from the analysis.

Amplitude of Low-Frequency Fluctuation and Functional
Connectivity Analysis

After preprocessing, the amplitude of low-frequency fluctuation
(ALFF) was first calculated using DPARSF. Paired t-test was
used to assess the within-group differences of ALFF in all FD
patients. Gaussian random field (GRF) correction was used,
and voxel-level p < 0.005 and corrected cluster-level p < 0.05
were considered statistically significant. Next, correlation analysis
of the ALFF change values and clinical improvement values
of all FD patients was performed to obtain the brain areas
associated with acupuncture efficacy. Finally, the regions that
were most significantly correlated with clinical improvement
value were selected as regions of interest (ROIs) for FC analysis.
The paired t-test was performed to investigate the functional
alterations of FD patients before and after acupuncture treatment
in each group. GRF correction was made, and voxel-level
p < 0.05 and corrected cluster-level p < 0.05 were considered
statistically significant.

RESULTS

Five participants were excluded due to excessive head motion
(mean framewise displacement > 0.5 mm) during imaging.
Thirty-three FD patients (18 in group A and 15 in group B) were
included in the final clinical data and fMRI data analysis.

Uhttp://rfmri.org/DPARSF

The Baseline Characteristics of the Two

Groups

The baseline characteristics of patients in the two groups are
displayed in Table 1. As shown in Table 1, except for age, there
was no significant difference in baseline characteristics between
these two groups (p > 0.05; Table 1).

The Therapeutic Effects in the Two
Groups

The within-group analyses showed that a significant increase in
NDLQI scores and a significant decrease in SID scores, NDSI
scores, SAS scores, and SDS scores were found in both group A
and group B after acupuncture treatment (p < 0.05; Table 2).

The between-group analyses showed that there were no
significant differences in the improvements of the SID scores,
NDSI scores, NDLQI scores, SAS scores, and SDS scores between
the two groups (p > 0.05; Table 2).

Cerebral Activity Changes Induced by

Acupuncture Treatment in Both Groups

The Amplitude of Low-Frequency Fluctuation
Changes in All Functional Dyspepsia Patients

After acupuncture treatment, significantly increased ALFF values
in the left postcentral gyrus were found in all FD patients.
Moreover, the ALFF value changes in the left postcentral gyrus
were significantly related to the improvements of SID scores
with age and gender as covariates (r = 0.358, p = 0.041,
uncorrected) (Figure 2).

The Resting-State Functional Connectivity Changes
of Postcentral Gyrus in the Two Groups

The left postcentral gyrus was selected as the ROI to investigate
the FC changes of FD patients in group A and group B. Within-
group comparisons demonstrated that there were significantly
decreased resting-state FC (rsFC) between the left postcentral
gyrus and angular gyrus, caudate, middle frontal gyrus (MFG),
and cerebellum after treatment in group A. In addition, there
were significantly increased rsFC between the left postcentral

TABLE 1 | The baseline characteristics in two groups.

Characteristic Group A Group B Statistical p-Value
(n=18) (n=15) value
No. of women, n (%) 12 (66.67%) 13 (86.67%) 1.782  0.182
Age (years), mean + SD 22.78 +£1.63 21.20 4+ 2.40 2.243  0.032*
BMI, mean + SD 19.09 £1.48 19.70 +£1.96 —-1.030 0.311
Course of disease (M), 42.83 + 26.15 33.60 + 19.18 1136  0.265
mean + SD
SID score, mean + SD 3.89 +1.41 3.80 + 1.42 —-0.149  0.882
NDLQI score, mean = SD  77.58 £ 8.41  74.60 £+ 11.43 0.863  0.395
NDSI score, mean £+ SD 45.67 + 17.27 41.93 + 14.07 0.671  0.507
SAS score, mean + SD 40.32 +7.68 43.67 £9.77 -1.104  0.278
SDS score, mean + SD 4190+9.11 4518 +10.29 -0.971 0.339

BMI, body mass index; NDLQI, the Nepean Dyspepsia Life Quality Index; NDSI,
the Nepean Dyspepsia Symptom Index; SAS, Self-Rating Anxiety Scale; SDS, Self-
Rating Depression Scale; SID, Symptom Index of Dyspepsia. *p < 0.05.
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TABLE 2 | Comparison of the therapeutic effects between group A and group B.

Items Group A Group B F-value p
Pre Pos Pos-Pre Z-value p Pre Pos Pos-Pre Z-value p

SID score 3.89 + 1.41 194+054 —194+1.47 -3.573 0.000 3.80+1.42 120+ 1.08 —2.60+ 1.45 —3.427 0.001* 1.416 0.243
(mean + SD)

NDLQI score  77.58 + 8.41 89.93 + 5.81 12.35 £8.32 —3.636 0.000" 74.60+ 11.43 88.88+ 11.56 14.28 +£8.47 —3.408 0.001* 1.224 0.277
(mean + SD)

NDSlscore  45.67 £17.27 20.17 £10.14 —25.50 £ 13.87 —3.724 0.000"* 41.93 + 14.07 14.00 &+ 14.48 —27.93 + 14.92 —3.352 0.001* 0.988 0.328
(mean + SD)

SAS score 40.32 £7.68 34.72+7.13 —5.60+9.86 —2.329 0.020* 43.67 £9.77 34.00+8.77 —9.67+6.28 —3.297 0.001* 0.894 0.352
(mean + SD)

SDS score 41.90 £ 9.11 36.04 £8.43 —5.86+ 10.58 —2.509 0.012* 4518 £10.29 34.67 £8.67 —10.52+9.13 —-3.109 0.002* 0.349 0.559
(mean + SD)

NDLQ), the Nepean Dyspepsia Life Quality Index; NDSI, the Nepean Dyspepsia Symptom Index; SAS, Self-Rating Anxiety Scale; SDS, Self-Rating Depression Scale; SID,

Symptom Index of Dyspepsia.
*p < 0.05; *p < 0.001.

A The ALFF value of postcentral
gyrus after acupuncture treatment
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FIGURE 2 | Cerebral activity changes induced by the acupuncture stimulation in two groups. (A) A significantly increased ALFF was found in the left postcentral
gyrus after acupuncture treatment. (B) Correlation analysis showed that the change of ALFF value in left postcentral gyrus and the improvement of SID were
positively correlated with age and gender as covariates (- = 0.358, p = 0.041). (C) After acupuncture treatment, the decreased rsFC between the left postcentral
gyrus with angular, caudate, MFG, and cerebellum were found in group A. (D) After acupuncture treatment, the increased rsFC between the left postcentral gyrus
with precuneus, SFG, and MFG was found in group B. ALFF, amplitude of low-frequency fluctuation; rsFC, resting-state functional connectivity; MFG, middle frontal

gyrus; SID, Symptom Index of Dyspepsia; SFG, superior frontal gyrus.
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gyrus and precuneus, superior frontal gyrus (SFG), and MFG
after treatment in group B (Figure 2 and Table 3). However, there
was no significant correlation between FC and clinical efficacy in
group A and group B.

DISCUSSION

The current study focused on the potential central mechanism
of different acupoints sharing similar therapeutic effects for
FD. The results demonstrated that needling at both CV12
and ST36 could elicit activity changes in the postcentral

gyrus response, although their response patterns were
relatively different. Needling at ST36 mainly affected the
postcentral gyrus—default mode network (DMN) circuitry, while
needling at CV12 mainly aroused the postcentral gyrus-reward
network (RN) circuitry.

The Similarities in Cerebral Responses
Elicited by Acupuncture in Both Group A
and Group B

In this study, the clinical observations indicated that needling
at either CV12 or ST36 could significantly decrease SID
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TABLE 3 | The differences of the left postcentral gyrus rsFC in each group.

ROI Group Cluster regions L/R Cluster sizes Peak MNI T
X y z
L_Postcentral Gyrus Group A Angular R 280 49 —52 49 —-3.74
Caudate R 274 15 9 12 —4.86
Middle frontal gyrus R 245 33 12 48 —4.42
Cerebellum L 338 —36 —81 -39 —5.51
Group B Precuneus L 791 -10 —61 42 6.70
Superior frontal gyrus R 854 17 48 35 5.00
Middle frontal gyrus R 307 -30 30 42 6.37

rsFC, resting-state functional connectivity; MNI, Montreal Neurological Institute; ROI, region of interest.

scores, NDSI scores, SAS scores, and SDS scores and could
increase NDLQI scores and that there were no significant
differences in the improvements of variables mentioned
above. The results indicated that both CV12 and ST36 were
effective for improving symptoms, QoL, and emotional
status of FD patients and that the therapeutic effects of both
acupoints were similar. The current results were consistent
with previous studies, which showed the effectiveness of
both acupoints in the treatment of FD (Ma et al., 2012;
Sun et al, 202la). In addition, previous studies found
that acupuncture treatment provided significant relief to
gastrointestinal symptoms in comparison with FD patients
awaiting acupuncture treatment (Chung et al., 2019). Therefore,
performing acupuncture at CV12 and ST36 is a valuable
treatment option for FD.

In addition to similar therapeutic effects, significantly
increased ALFF values in the left postcentral gyrus were found
in all FD patients (combined group A and group B) after
acupuncture treatment. The postcentral gyrus of the parietal
lobe corresponds to the primary sensory cortex, receiving
various sensations from the body (Yu et al., 2019; DiGuiseppi
and Tadi, 2021). Multiple neuroimaging studies had previously
confirmed the involvement of the postcentral gyrus in the
central pathology of FD patients. For instance, a H, (15)
O-PET study found that FD patients demonstrated altered
activity in the primary sensory cortex, including the postcentral
gyrus, and that this altered activity corresponded to decreases
in gastric distention (Van Oudenhove et al, 2010). Previous
studies also found higher cerebral glucose metabolism in the
postcentral gyrus in FD patients through 18 F-FDG PET-CT
imaging (Zeng et al.,, 2011) and increased ALFF values in the
postcentral gyrus through fMRI (Qi et al., 2020). These results
indicated the role of the postcentral gyrus in the abnormal
processing of gastrointestinal sensory signals. Furthermore, the
participation of the postcentral gyrus in the integration of the
regulatory effect of acupuncture on the gastrointestinal tract had
been identified by several neuroimaging studies (Zeng et al.,
2009; Zhou et al., 2013). Our previous studies indicated that
acupuncture stimulation could decrease abnormally elevated
glucose metabolism in the postcentral gyrus (Liu et al., 2012),
and needling at ST36 could normalize the fMRI signals in
the postcentral gyrus (Li et al., 2014). However, acupuncture
does not always elicit brain responses in the postcentral

gyrus, although brain responses have been observed in various
acupuncture-related neuroimaging studies (Yan et al, 2005;
Yang et al., 2014; Yeo et al, 2016; Zheng et al., 2018). This
study indicated significant increases of ALFF values in the
postcentral gyrus in all FD patients after acupuncture was
performed, with increased ALFF values positively correlating
with improvements in SID scores. The results indicated that
the activity changes in the postcentral gyrus were related to
acupuncture efficacy for FD.

The Differences in Postcentral Gyrus
Responses Caused by Needling at ST36
Versus CV12

This study aimed to investigate similar effects shared by
different acupoints by differentiating response modes of two
acupoints on the postcentral gyrus through rsFC analysis,
as all patients exhibited changes in the functional activity
of the postcentral gyrus after acupuncture treatment, with
changes significantly positively correlating with the curative
effect of acupuncture.

The results showed that needling at ST36 resulted in
significantly increased rsFC between the left postcentral gyrus
with precuneus, SFG, and MFG. It is well known that the
precuneus is an important hub within the DMN (Brewer et al,,
2011; Utevsky et al.,, 2014), which regulates the affective and
sensory process together with the medial prefrontal cortex
(mPFC) and amygdala (Vanner et al., 2016). The precuneus is
involved in episodic memory retrieval (Cavanna and Trimble,
2006; Sajonz et al., 2010), appetite control (Scharmuller et al.,
2012; Tuulari et al,, 2015), appraisal of food (Winter et al.,
2017), and reappraisal of the benefits of eating food (Yokum
and Stice, 2013). A variety of studies have identified the
structural and functional abnormalities of the precuneus in FD
patients (Zeng et al, 2011; Liu et al., 2013). For example, Lee
et al. (2018) observed that higher rsFC between the insula
and precuneus was negatively correlated with FD symptoms,
food craving, and depression while in a state of hunger. Our
previous study also showed that DMN in FD patients may indeed
undergo dysfunctional changes, with changes in DMN found
to be related to FD symptom severity (Liu et al., 2013). More
importantly, a number of studies have reported that acupuncture
can reverse the disrupted DMN to achieve therapeutic effects
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in gastrointestinal disease (Bao et al., 2017; Sun et al., 2021a,b;
Zhao et al., 2021). In these studies, needling at ST36 regulated
the rsFC between the left postcentral gyrus with DMN. The
results indicated that promoting self-regulation and adaptation
via the DMN might be one of the functions achieved by
needling ST36 for FD.

In contrast to ST36, CV12 elicited decreased rsFC values
between the left postcentral gyrus and angular gyrus, caudate,
MFG, and cerebellum in this study. The results indicated
that needling at CV12 mainly regulated postcentral gyrus—
RN circuitry in order to achieve treatment efficacy. The
caudate nucleus and cerebellum, important components of
the RN, play a crucial role in viscera activities (Allen et al.,
1997; Ladabaum et al.,, 2001). Ladabaum et al. (2001) found
significant activations of the bilateral caudate nucleus during
proximal gastric dilation stimulation. Our previous results
indicated increased gray matter volume in the right caudate
(Liu et al, 2014), decreased gray matter density in the
cerebellum (Zeng et al., 2013), and higher glycometabolism in
the cerebellum (Zeng et al., 2011) in FD patients compared
with healthy controls. In addition, higher glycometabolism
in the cerebellum was decreased after acupuncture treatment
(Zeng et al,, 2015). These studies confirmed the structural and
functional abnormalities in the caudate nucleus and cerebellum
in FD patients, as well as the favorable regulatory effect of
acupuncture on cerebellum activities. In fact, some researchers
have found that the expectations of acupuncture efficacy may
partly be based on the self-relevant phenomenon and self-
referential introspection, which was often found to be related to
activation of patient self-appraisal and RN (Pariente et al., 2005;
Lundeberg et al., 2007).

In this study, performing acupuncture at ST36 and CV12
can affect the function of the postcentral gyrus, although
the modes of influence are different. In addition, some
studies focusing on peripheral nerve activity had found
that the mechanisms of acupuncture at ST36 and CV12 to
regulate gastrointestinal function were different. For example,
one study had found that needling of the lower limb
(ST36) caused gastrointestinal muscle contractions via the
somatoparasympathetic pathway, while needling in the upper
abdominal area (CV12) caused gastrointestinal muscle relaxation
via the somatosympathetic pathway (Takahashi, 2006). Another
study had indicated that electroacupuncture stimulation at
the lower limb (ST36) but not in the abdomen (ST25) can
promote the vagal-adrenal anti-inflammatory axis in mice
(Liu et al, 2021). In summary, although acupoints in the
different regions have similar therapeutic effects, the underlying
mechanisms from central to peripheral were found to be
relatively different.

LIMITATIONS

There were some limitations in this study. Firstly, the
sample size was relatively small. Secondly, we observed the
changes in clinical symptoms and functional activities of FD
patients at baseline and the end of 4 weeks of acupuncture

treatment, but its long-term efficacy remains unclear due to
a lack of follow-up studies. In the future, further studies
are needed to assess the long-term efficacy and investigate
the potential mechanism of “different acupoints exhibiting
similar effects.”

CONCLUSION

In conclusion, acupuncture at ST36 and CVI12 had similar
therapeutic efficacy in the treatment of FD, and the realization
of therapeutic effect may be related to the modulation
of the activity of the postcentral gyrus. Meanwhile, the
modulatory pattern was relatively different. Namely, ST36
mainly affected the rsFC between the postcentral gyrus and
DMN, while the CV12 mainly affected the rsFC between the
postcentral gyrus and RN.
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The enteric nervous system (ENS) is important for the intestinal barrier to defend
and regulate inflammation in the intestine. The aim of this study was to investigate
the effect of pyrroloquinoline quinone (PQQ) on regulating neuropeptide secretion by
ENS neurons of rats challenged with lipopolysaccharide (LPS) to create enteritis. Thirty
Sprague Dawley rats were divided into five groups, namely, basal (CTRL), basal plus
LPS challenge (LPS), basal with 2.5 mg/kg b.w./day of PQQ plus challenge with LPS
(PQQ 2.5), basal with 5.0 mg/kg b.w./day PQQ plus challenge with LPS (PQQ 5), and
basal with 10.0 mg/kg b.w./day PQQ plus challenge with LPS (PQQ 10). After treatment
with basal diet or PQQ for 14 days, rats were challenged with LPS except for the CTRL
group. Rats were euthanized 6 h after the LPS challenge. Rats showed an increased
average daily gain in PQQ treatment groups (P < 0.05). Compared with the LPS group,
PQQ 5 and PQQ 10 rats showed increased villus height and villus height/crypt depth
of jegjunum (P < 0.05). In PQQ treatment groups, concentrations of IL-18 and TNF-a in
serum and intestine of rats were decreased, and IL-10 concentration was increased in
serum compared with the LPS group (P < 0.05). Compared with the LPS group, the
concentration of neuropeptide Y (NPY), nerve growth factor (NGF), vasoactive intestinal
peptide (VIP), substance P (SP), calcitonin gene-related peptide (CGRP), and brain-
derived neurotropic factor (BDNF) in serum were decreased in PQQ treatment groups
(P < 0.05). Compared with the LPS group, ileal mRNA levels of BDNF, NPY, and NGF
were decreased in PQQ treatment groups (P < 0.05). Jejunal concentrations of SP,
CGRP, VIP, BDNF, NPY, and NGF were decreased in PQQ treatment groups compared
with the LPS group (P < 0.05). Compared with the LPS group, phosphor-protein
kinase B (p-Akt)/Akt levels in jejunum and colon were decreased in PQQ treatment
groups (P < 0.05). In conclusion, daily treatment with PQQ improved daily gain, jejunal
morphology, immune responses. PQQ-regulated enteric neurochemical plasticity of ENS
via the Akt signaling pathway of weaned rats suffering from enteritis.

Keywords: pyrroloquinoline quinone, enteric nervous system, neurochemical plasticity, Akt signaling pathway,
enteritis rats
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INTRODUCTION

The intestine is the body organ with the largest membrane surface
area that serves to absorb nutrients and sense, and recognize
and defend against pathogens, antigens, toxins, and other
detrimental secretions. The intestine accomplishes these diverse
functions through coordinated effects of the enteroendocrine
system, the enteric nervous system (ENS), the gut immune
system, and the non-immune defense system of the intestine
(Ferraris et al, 1989; De Giorgio, 2006). Intestinal nerve
cells and glial cells in the ENS secrete neuropeptides and
immune factors to pass signals between the ENS and the
central nervous system (CNS). These signals influence mucosal
secretions and gastrointestinal peristalsis and affect rhythms
and hormone secretion in the CNS (Rao and Gershon, 2018;
Boesmans et al., 2019). The ENS plays an important role in
intestinal diseases, such as colitis, irritable bowel syndrome,
and inflammatory bowel disease (Lasrado et al., 2017; Resnikoft
et al., 2019; Jarret et al., 2020). The ENS, which includes
submucosal nerve plexus, myenteric nerve plexus, and glial
cells, usually is functional and structurally mature during the
early life of mammals (Montedonico et al, 2006; Parathan
et al., 2020). The capacity to regulate neuropeptides is called
neurochemical plasticity. Enteric neuroplasticity is an adaption
to intestinal contents and the intestinal microenvironment
and is pronounced during early development in mammals
(Moeser et al., 2017).

The phosphatidylinositol-3 kinase (PI3K)/protein kinase
B (Akt) signaling pathway regulates the activity ofglycogen
synthase kinase-3f (GSK-3B), Tau protein, and N-methyl-D-
aspartame receptor (NMDA), which promotes the development
of nerve cells and regeneration of synapses (Igbal et al., 2016;
Majewska and Szeliga, 2017; Falcon et al., 2019). The PI3K/Akt
signaling pathway also plays an important regulatory role
in intestinal neurological diseases by reducing the oxidative
stress and apoptosis of nerve cells, improving the secretion of
neurotropic factors, regulating survival and differentiation of
nerve cells,and promoting the proliferation of intestinal nerve
cells and glial cells (Ichihara et al., 2004; Du et al, 2009
Becker et al., 2013).

Pyrroloquinoline quinone (PQQ), a water-soluble quinone
compound, was discovered as a redox cofactor of methanol
dehydrogenase in pseudomonas TP1 and other Gram-negative
bacteria (Duine et al., 1979; Duine, 1991). We demonstrated
previously that dietary supplementation with PQQ could
regulate intestinal morphology, mucosal barrier function, colonic
microbiota, and antioxidant status to reduce diarrhea and
improve the growth performance of weaned pigs (Yin et al., 2019;
Huang et al,, 2020, 2021; Ming et al., 2021). PQQ is a potent
neuroprotective nutrient in the CNS and peripheral nerves,
which can mitigate sciatic nerve injury, reduce neurotoxin-
induced neurotoxicity, and promote neuronal cell regeneration
(Liu et al., 2005; Hara et al., 2007; Shanan et al., 2019). PQQ
treatment can ameliorate signs of memory impairment in aging
mice and schizophrenic rats via reducing the expression of
phosphorylation Akt and maintaining the GSK-38 level in the
hippocampus (Zhou X. Q. et al., 2018; Zhou et al., 2020).

We hypothesized that PQQ treatment could influence the
ENS and regulate enteric neuroplasticity to improve intestinal
health. We tested this hypothesis in the enteritis rat model via
developed challenging rats with lipopolysaccharide (LPS). We
detected neuropeptides in serum and intestine and Akt signaling
pathway expression in the intestine to determine if PQQ could
regulate enteric neuroplasticity via the Akt signaling pathway.

MATERIALS AND METHODS

Animals and Experimental Treatment

All experimental protocols in this study were approved by the
Animal Subjects Committee of China Agricultural University
(Beijing, China) and carried out based on the National Research
Council’s Guide for the Care and Use of Laboratory Animals
(AWO01211202-1-2). Sprague Dawley male rats (n = 30, 21 days
old) were purchased from SPF (Beijing) Biotechnology Co. Ltd.,
and were housed in a pathogen-free animal room with a 12/12 h
light-dark cycle at 23°C. After 3 days of acclimatization, rats were
divided randomly into 5 groups (n = 6 per treatment group),
namely, (1) basal unchallenged (CTRL), (2) LPS challenged
(LPS), (3) 2.5 mg/kg b.w./day low dose of PQQ and challenged
with LPS (PQQ 2.5), (4) 5.0 mg/kg b.w./day medium dose of
PQQ and challenged with LPS (PQQ 5), and (5) 10.0 mg/kg
b.w./day high dose of PQQ and challenged with LPS (PQQ
10) (Lu et al, 2015). PQQ-Nay (purity, >98%; Changmao
Biochemical Engineering Co. Ltd., Changzhou, China) dissolved
in physiological saline was administrated intragastrically for
14 days. All rats were weighed every day and had free access
to water and food. After the supplementation period, rats were
injected with LPS [4 mg/kg b.w., isolated from Escherichia
coli (serotype 055: B5) (Zani et al., 2008), purchased from
Sigma, United States] except rats in the CTRL group on day
15. All rats were euthanized by intraperitoneal injection with
pentobarbitone sodium (50 mg/kg b.w.) (Mohamed et al., 2020)
at 6 h after the LPS dose.

Sample Collection

After euthanasia, serum samples were collected from the
abdominal veins of rats and separated into serum and stored at
—20°C for further analysis. Jejunal and colonic tissues (1 cm?)
were excised and stored in 4% paraformaldehyde solution (40%
formaldehyde solution dissolved in phosphate-buffered saline
(PBS)) for analysis of intestinal morphology. Notably, 2 cm
segments from the middle of the jejunum, ileum, and colon were
collected in freezing tubes which were frozen rapidly in liquid
nitrogen and stored at —80°C for further analysis.

Jejunal Morphology

After fixation with 4% paraformaldehyde solution for 24 h, tissue
samples were dehydrated and embedded in paraffin. Jejunal
sections (5 pm) were stained with hematoxylin and eosin. Villus
height (VH), crypt depth (CD), and villus height/crypt depth
ratio (VCR) were viewed and evaluated using a microscope
(Eclipse CI, Nikon) and imaging software (DS-U3, Nikon). Data
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were collected from at least 10 well-oriented villi and crypts from
5 slides per sample.

Cytokines of Serum and Intestinal

Segments

Cytokines, including interleukin (IL)-18, IL-6, IL-10, and tumor
necrosis factor (TNF)-a, were determined in serum, jejunum,
ileum, and colon using enzyme-linked immunoassay (ELISA)
kits (Beijing Kang Iia Hong Yuan Biological Technology Co.,
Ltd., Beijing, China) according to the manufacturer’s instructions
and quantified using a Multiskan Microplate Reader (Thermo
Fisher Scientific, United States). Absorbance for kits was all set
at 450 nm, and the minimal detections were 31.25 pg/ml for IL-
18 and IL-6, 15.63 pg/ml for IL-10, and 9.38 pg/ml for TNF-a.
The intra- and inter-assay coeflicients of variation (CV) were
<10% for each assay.

Quantitative Real-Time Polymerase
Chain Reaction

Total RNA was extracted from the snap-frozen ileal tissue
using RNAiso Plus (9109, TaKaRa Bio, Inc., Japan)/chloroform
extraction. Complementary DNA (cDNA) was synthesized using
the PrimeScript RT Reagent Kit with gDNA Eraser (RR047A,
TaKaRa Bio, Inc., Japan). Quantitative real-time polymerase
chain reaction PCR (RT-PCR) was conducted using the Roche
Light Cycler® System (Roche, South San Francisco, CA, Canada).
The primer sequences are shown in Supplementary Table 1.
Target genes were detected by normalizing with B-actin and
calculating using the 2~ AT method (Pfaffl et al., 2002).

Determination of the Concentration of

Neuropeptides

Neuropeptides including neuropeptide Y (NPY), nerve growth
factor (NGF), vasoactive intestinal peptide (VIP), substance
P (SP), calcitonin gene-related peptide (CGRP), and brain-
derived neurotropic factor (BDNF) were determined in serum
using assay kits according to the manufacturer’s instructions
(Supplementary Table 2). These same neuropeptides were
determined in the jejunum, ileum, and colon.

Immunohistochemistry

Fixed jejunum and colon tissues were embedded in
paraffin and cut into sections (5 pm) followed by
deparaffinization and rehydration. Tissue sections were placed
in ethylenediaminetetraacetic acid (EDTA) antigen retrieval
buffer (pH 8.0) to retrieve the antigen. Endogenous peroxidase
activity was blocked with 3% H,O, under dark conditions at
room temperature and was then washed with PBS (PBS, pH
7.4). Bovine serum albumin (BSA, 5%) was added to tissues.
Primary antibodies (Supplementary Table 3) diluted in PBS
were incubated with tissue sections overnight at 4°. Tissue
sections were covered with secondary antibodies for 50 min
at room temperature, and positive expression for protein gene
product 9.5 (PGP9.5), SP, CGRP, BDNF, NPY, and NGF was dyed
brown with diaminobenzidine (DAB). Hematoxylin was used
as a counterstain for nuclei dyed blue. Ganglia immunoreactive

for neuropeptides was calculated in percentage in the total
area of neurons.

Western Blot Assay

Jejunal and colonic tissues were ground in liquid nitrogen
and lysed using radioimmunoprecipitation assay (RIPA) buffer
with protease and phosphatase inhibitors. After sonication and
centrifugation, protein concentration in the supernatant was
quantified using a bicinchoninic acid (BCA) protein assay kit
(02912E, CWhiotech, Beijing, China). Supernatant with 30 pg
proteins from each sample was separated in sodium dodecyl
sulfate (SDS) polyacrylamide gels and then transferred to
polyvinylidene fluoride (PVDF) membranes (0.45 um, Millipore,
United States). Membranes were blocked and incubated with
the primary antibodies of phosphatidylinositol 3-kinase (PI3K,
#4257, Cell Signaling Technology, Danvers, MA, United States),
protein kinase B (Akt, #9272, Cell Signaling Technology),
phosphor-Akt (p-Akt, #9271, Cell Signaling Technology), and
B-actin (#4970, Cell Signaling Technology) overnight at 4°C.
The membranes were incubated with secondary antibodies (111-
035-003, Jackson, United States) for 1 h at room temperature
and reacted with electrochemiluminescence (ECL, WBKLS0500,
Millipore, United States). The intensity of protein bands was
analyzed using the Image] software.

Statistical Analysis

All data were analyzed with a one-way analysis of variance
(ANOVA) using SAS (version 9.2, United States). Differences
among mean values were evaluated using the Duncan’s multiple
range test. The individual rat was the experimental unit for
traits of interest. Values are expressed as means and considered
statistically different if P < 0.05. Figures were created using
GraphPad Prism 9.

RESULTS

Average Daily Gain

Compared with CTRL and LPS groups, rats assigned to PQQ
5 and PQQ 10 groups expressed increased average daily gain
(ADG) (P < 0.05, Figure 1). Rats assigned to the PQQ 5 group
showed the greatest difference in ADG compared with both
CTRL and LPS groups.

Jejunal Morphology

Rats challenged with LPS had non-distinct jejunal villus
compared with the CTRL group (Figure 2). Rats in PQQ 2.5,
PQQ 5, and PQQ 10 groups exhibited more complete and taller
jejunal villus compared with the LPS group. Compared with the
CTRL group, LPS treatment decreased jejunal VH and VCR in
rats (P < 0.05, Table 1). Compared with the LPS group, PQQ
5 and PQQ 10 groups increased VH and VCR of the jejunum
(P < 0.05). Neither LPS nor PQQ treatments affected CD.

Cytokines in Serum and Intestine
Compared with the CTRL group, concentrations of IL-1f, IL-6,
and TNF-a increased, and IL-10 decreased in the serum of rats
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FIGURE 1 | Average daily gain of weaned rats (n = 6). (A) Body weight of rats was recorded with feeding time. (B) Average daily gain(ADG) of rats was evaluated by
body weight. CTRL, control treatment; lipopolysaccharide (LPS), control and LPS treatment; pyrroloquinoline quinone (PQQ) 2.5, intragastric administration with

2.5 mg/kg b.w./day PQQ:Nay treatment; PQQ 5, intragastric administration with 5.0 mg/kg b.w./day PQQ-Naxtreatment; PQQ 10, intragastric administration with
10.0 mg/kg b.w./day PQQ-Nay, treatment. *Means significant difference with the CTRL group (P < 0.05); #means significant difference with the LPS group (P < 0.05).

FIGURE 2 | Jejunal morphology by H and E stains. (A) Control treatment; (B) control and LPStreatment; (C) intragastric administration with 2.5 mg/kg b.w./day
PQQ-Nay treatment; (D) intragastric administration with 5.0 mg/kg b.w./day PQQ-Na, treatment; and (E) intragastric administration with 10.0 mg/kg b.w./day
PQQ:-Nay treatment. Scale bars in pictures are 200 pm.

TABLE 1 | Jejunal villous morphology of weaned rats (n = 6)."

Items Treatments
SEM P-values
CTRL LPS PQQ 2.5 PQQ5 PQQ 10
VH, pm 434.20 373.44* 389.78 472.57% 436.88" 10.99 0.02
CD, pm 118.79 120.79 121.82 122.60 112.33 2.52 0.60
VCR 3.86 3.12* 3.23* 3.92# 3.92# 0.11 0.03

TCTRL, control treatment; LPS, control and LPS treatment; pyrroloquinoline quinone (PQQ) 2.5, intragastric administration with 2.5 mg/kg b.w./day PQQ-Nay treatment;
PQQ 5, intragastric administration with 5.0 mg/kg b.w./day PQQ-Nay treatment; PQQ 10, intragastric administration with 10.0 mg/kg b.w./day PQQ-Nay treatment. VH,
villus height; CD, crypt depth; VCR, villus height/crypt depth. *Means significant difference with the CTRL group (P < 0.05); *means significantdifference with the LPS

group (P < 0.05).
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challenged with LPS (P < 0.05, Figure 3). Feeding PQQ at 2.5, 5.0,
and 10.0 mg/kg b.w. to rats decreased (P < 0.05) concentrations
of IL-1f and TNF-q, and increased concentration of IL-10 in
serum compared with the LPS group. With a similar pattern,
concentrations of IL-1f and TNF-a in jejunum, ileum, and colon
were increased (P < 0.05) in the LPS group compared with the
CTRL group. Concentrations of IL-1f and TNF-a in jejunum,
ileum, and colon of rats were decreased (P < 0.05)compared with
rats assigned to the LPS group.

Concentration of Neuropeptides in

Serum

Compared with the CTRL group, concentrations of NPY, NGE
VIP, SP, and CGRP were increased (P < 0.05, Figure 4)
in the serum of rats in the LPS group. There were no
significant differences in BDNF between LPS and CTRL groups.
Concentrations of NPY, NGE VIP, SP, CGRP, and BDNF were
decreased (P < 0.05) with PQQ intake compared with the LPS
group. Feeding PQQ at 5.0 mg/kg b.w. decreased concentrations
of NPY, NGE VIP, and CGRP more than 2.5 or 10.0 mg/kg b.w.
when compared with the LPS group.

mRNA Abundance of Neuropeptides in

the lleum

Compared with the CTRL group, mRNA concentrations for NPY
and NGF were increased (P < 0.05, Figure 5) in the LPS group.
Compared with the LPS group, mRNA concentrations for BDNF
and NGF were decreased (P < 0.05) in PQQ 2.5, and mRNA
concentration for NPY decreased (P < 0.05) in PQQ 5.

Concentration of Neuropeptides in

Jejunum, lleum and Colon

Compared with the CTRL group, concentrations of all detected
neuropeptides were increased (P < 0.05, Table 2) in the jejunum
and ileum of rats in the LPS group. Compared with the LPS
group, concentrations of CGRP, VIP, NPY, and NGF were
decreased (P < 0.05) in PQQ-fed groups in the jejunum, and
SP and BDNF concentrations were decreased (P < 0.05) in
PQQ 5 and PQQ 10 groups. In the ileum, concentrations of all
neuropeptides measured were decreased (P < 0.05) in all PQQ-
fed groups. In the colon, VIP concentration was increased, and
BDNF concentration was decreased in the LPS group compared
with the CTRL group (P < 0.05). Compared with the LPS group,
colonic SP concentration was decreased (P < 0.05) in PQQ 10,
CGRP concentration was increased (P < 0.05) in PQQ 5, VIP
concentration was decreased (P < 0.05) in PQQ 2.5 and PQQ 5,
BDNF concentration was increased (P < 0.05) in PQQ 5, NPY
concentration was increased (P < 0.05) in PQQ 10, and NGF
concentration was increased in PQQ 5.

Immunostaining of Neuropeptides in
Jejunum and Colon

Compared with the CTRL group, the percentage of ganglia
immunoreactive for PGP9.5 in the jejunum was decreased
(P < 0.05, Table 3) in the LPS group and showed a lighter
PGP9.5-positive area dyed with brown (Figure 6). Compared

with the LPS group, the PGP9.5 immunoreactive percentage of
ganglia in the jejunum of rats was increased (P < 0.05, Table 3) in
the PQQ 5 group. Compared with the CTRL group, NGF-positive
surface area in the jejunum was increased (P < 0.05, Table 3) and
dyed darker (Figure 6) in the LPS group.

In the colon, SP-positive surface area increased (P < 0.05,
Table 3) in the LPS group compared with the CTRL group. PQQ
treatments decreased (P < 0.05, Table 3) SP-positive surface area
in the colon compared with the LPS group. Colonic CGRP, NPY,
and NGF were increased in the PQQ 5 group compared with the
LPS group (P < 0.05, Table 3) and dyed darker (Figure 7) in
the PQQ 5 group.

Activation of the Akt Pathway in Jejunum

and Colon

Compared with the CTRL group, p-Akt/Akt was increased in
LPS groups both in the jejunum and colon ofrats (P < 0.05,
Figures 8A,B). Compared with the LPS group, p-Akt/Akt was
decreased (P < 0.05, Figure 8A) in the jejunum of rats both
in PQQ 2.5 and PQQ 5 groups. Additionally, p-Akt/Akt was
decreased in the colon of rats in the PQQ 5 group compared with
the LPS group (P < 0.05, Figure 8B). The abundance of PI3K was
not affected by any treatments in both the jejunum and colon.

DISCUSSION

Pyrroloquinoline quinone is a natural antioxidant that has
been used in the treatment of osteoporosis, muscle atrophy,
radiation poisoning, and arthritis and promotes the growth of
the organisms by regulating oxidation, repairing DNA damage,
reducing apoptosis, and maintaining mitochondrial function
(Kasahara and Kato, 2003; Huang et al., 2017; Wu et al,, 2017; Xu
et al., 2018; Geng et al., 2019; Jiang et al., 2019). We previously
demonstrated that dietary PQQ could increase ADG and gain
to feed ratio and reduce diarrhea incidence in weaned pigs (Yin
et al,, 2019; Huang et al., 2021; Ming et al., 2021). In this study,
daily treatment with 5.0 mg/kg and 10.0 mg/kg PQQ increased
ADG of rats compared with rats not supplemented with PQQ.
We developed the enteritis model by challenging rats with
LPS and verified the existence of enteritis by evaluating jejunal
morphology and cytokines in serum and intestine. LPS is a
component of Gram-negative bacteria that can damage the
intestinal barrier cause immune dysfunction, initiate apoptosis of
intestine epithelial cells, and develop enteritis (Yoshioka et al.,
2009; Li et al., 2018; Dong et al,, 2020). In this study, rats
challenged with LPS developed inflamed intestines as evidenced
by damaged jejunal morphology, increased concentrations of IL-
1B, IL-6, and TNF-a in serum and IL-1p and TNF-« in intestine,
and decreased IL-10 in serum. These observations confirmed that
rats challenged with LPS developed intestinal inflammation.
Intestinal morphology and immune function improved
with PQQ supplementation of LPS-challenged rats. Intestinal
damage reduces absorption and metabolism of nutrients and
compromises the integrity of the intestinal barrier (Baumgart
and Carding, 2007; Turner, 2009; Wang et al, 2015; Zhou
et al., 2018). Intestinal morphology can be improved in weaned
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TABLE 2 | Neuropeptide concentration in intestinal segments of weaned rats (n = 6).’

Items Treatments
SEM P-values

CTRL LPS PQQ 2.5 PQQ 5 PQQ 10
Jejunum
SP (pg/mg) 5.98 8.10* 7.30 6.28" 5.95% 0.32 <0.01
CGRP (pg/mg) 8.53 11.02* 10.22+# 8.63" 8.68" 0.24 <0.01
VIP (pg/mg) 56.56 82.00* 53.60" 65.55" 46.89" 4.47 <0.01
BDNF (pg/mg) 9.84 14.80" 13.03* 10.61# 9.88"* 0.92 0.01
NPY (ng/mg) 13.14 17.58* 10.96% 13.07% 10.32** 0.77 <0.01
NGF (pg/mg) 6.15 9.77* 7.24+# 6.33" 6.05" 0.17 <0.01
lleum
SP (pg/mg) 4.96 7.82* 5.03"* 5.07* 5.35* 0.10 <0.01
CGRP (pg/mg) 14.62 19.34* 15.63" 14.42% 15.87" 0.45 <0.01
VIP (pg/mg) 31.44 44.58* 27.72+# 32.09* 34.42%# 0.98 <0.01
BDNF (pg/mg) 27.69 42.70* 32.01* 35.43* 34.83*# 0.95 <0.01
NPY (ng/mg) 6.62 8.53* 6.01** 6.42* 7.31+# 0.20 <0.01
NGF (pg/mg) 472 7.83* 5.00* 4.43% 5.99*# 0.19 <0.01
Colon
SP (pg/mg) 14.61 15.33 15.21 16.66 12.30** 0.64 0.01
CGRP (pg/mg) 19.17 18.09 18.45 22.41+# 16.74 0.86 <0.01
VIP (pg/mg) 71.69 103.69* 87.62+# 72.60" 100.42* 4.43 <0.01
BDNF (pg/mg) 74.59 38.75 39.55* 63.84" 50.57* 3.75 <0.01
NPY (ng/mg) 15.3 13.86 15.55 13.28* 20.73*# 0.68 <0.01
NGF (pg/mg) 12.98 11.85 11.11* 14.24% 11.88 0.68 0.03

'SP substance P; CGRP calcitonin gene-related peptide; VIR vasoactive intestinal peptide; BDNF, brain-derived neurotropic factor; NPY, neuropeptide Y; NGF
nerve growth factor. CTRL, control treatment; lipopolysaccharide (LPS), control and LPS treatment; PQQ 2.5, intragastric administration with 2.5 mg/kg b.w./day
PQQ-Nay treatment; PQQ 5, intragastric administration with 5.0 mg/kg b.w./day PQQ-Nay treatment; PQQ 10, intragastric administration with 10.0 mg/kg b.w./day
PQQ-Nay treatment.

“Means significant difference with the CTRL group (P < 0.05); *means significantdifference with the LPS group (P < 0.05).

TABLE 3 | Percentage of ganglia immunoreactive for neuropeptides in the total area by immunohistochemical staining (n = 6, %)."

Items Treatments
SEM P-values

CTRL LPS PQQ 2.5 PQQ5
Jejunum
PGP9.5 16.88 6.70* 10.79 16.80" 1.47 0.03
SP 0.30 0.43 0.29 0.26 0.03 0.26
CGRP 0.10 0.20 0.09 0.19 0.02 0.25
BDNF 0.49 0.37 0.38 0.32 0.038 0.23
NPY 0.30 0.45 0.59 0.28 0.06 0.26
NGF 2.83 4.11* 4.41* 4.00* 0.19 0.01
Colon
PGP9.5 20.06 16.42 16.38 24.77 2.07 0.46
SP 0.06 0.14* 0.04* 0.07# 0.01 0.00
CGRP 0.09 0.08 0.10 0.18" 0.02 0.23
BDNF 0.77 0.40 0.42 0.52 0.08 0.42
NPY 0.44 0.36 0.28 0.61* 0.05 0.05
NGF 3.45 2.48 3.16 5.19% 0.41 0.13

1PGP9.5, protein gene product 9.5; CGRP, calcitonin gene-related peptide; NGF, nerve growth factor. CTRL, control treatment; LPS, control and LPS treatment; PQQ
2.5, intragastric administration with 2.5 mg/kg b.w./day PQQ-Nay treatment; PQQ 5, intragastric administration with 5.0 mg/kg b.w./day PQQ-Nay treatment; PQQ 10,
intragastric administration with 10.0 mg/kg b.w./day PQQ-Nay treatment.

“Means significant difference with the CTRL group (P < 0.05); *means significantdifference with the LPS group (P < 0.05).
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FIGURE 3 | Cytokine level in serum and intestinal segments of weaned rats. (A) IL-18 level in serum (n = 6); (B) IL-6 level in serum (n = 6); (C) IL-10 level in serum
(n = 5); (D) TNF-a level in serum (n = 6); (E) IL-18 level in jejunum, ileum and colon (n = 6); and (F) TNF-a level in jejunum, ileum and colon (n = 6). CTRL, control
treatment; LPS, control and LPS treatment; PQQ 2.5, intragastric administration with 2.5 mg/kg b.w./day PQQ-Nay treatment; PQQ 5, intragastric administration
with 5.0 mg/kg b.w./day PQQ-Nay treatment; PQQ 10, intragastric administration with 10.0 mg/kg b.w./day PQQ:Na, treatment. *Means significant difference with
the CTRL group (P < 0.05); ¥means significant difference with the LPS group (P < 0.05).

rats when they were supplemented with PQQ (Zhang et al,,
2019). Our previous study showed that dietary supplementation
with PQQ can increase intestinal VH and VCR in weaned
pigs (Yin et al,, 2019). In this study, PQQ treatment increased
jejunal VH and VCR compared with rats challenged with LPS.
PQQ has anti-inflammatory effects and can reduce arthritis by
inhibiting the production of pro-inflammatory cytokines such
as TNF-a and IL-6 (Harris et al., 2013; Liu et al., 2016). In our
previous study, PQQ supplementation reduced gut inflammation
which improved intestinal health and growth of weaned pigs
(Yin et al, 2019; Huang et al, 2020). In this study, PQQ
supplementation decreased concentrations of pro-inflammatory
cytokines in serum and intestine and increased concentrations
of the anti-inflammatory cytokine and IL-10 in serum, which
confirmed that PQQ regulates immune responses.
Pyrroloquinoline quinone can regulate enteric nervous
damage induced by LPS challenge. The ENS regulates intestinal
secretions, peristalsis, and immunity through endocrine
substances and neuropeptides secreted by myenteric neurons,
submucosal neurons, and glial cells (Rao and Gershon, 2018;
Boesmans et al, 2019). Normally, the neuropeptides are

divided into inhibitory neurotransmitters and excitatory
neurotransmitters to control intestinal relaxation and
contraction, respectively (Rao and Gershon, 2018). When the
intestine suffers pressure, mucosal damage, and inflammation,
the ENS can release neuropeptides to regulate intestinal
peristaltic and immune factors (Jakob et al, 2020). PGP 9.5
is a neuroendocrine marker and is reduced with intestinal
inflammation and damage (Resnikoff et al., 2019; Heymans et al.,
2020). In this study, the immunoreactive percentage of PGP9.5
in the jejunum was decreased by LPS treatment and increased
by PQQ treatment, suggesting that PQQ reduced the damage of
jejunal neurons caused by LPS.

Enteric neurochemical plasticity was regulated with
PQQ treatment by regulating immunoreactive neurons and
concentrations of neuropeptides. Neurochemical plasticity
is the variable or modifiable changes of the nervous system
elicited by adaptation to the environment. During the early
development of rats, the ENS matures gradually and has the
strongest neurochemical plasticity (Rzap et al, 2020). As
the first isolated neuropeptide and known as the prototypic
tachykinin (TK), SP stimulates systemic pain and vasodilation,
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regulates immunity, promotes contraction as an excitatory
neurotransmitter, and inhibits the secretion of digestive juices
in the intestine (Euler and Gaddum, 1931; Holzer, 1998; Engel
et al, 2012; Nissel et al.,, 2019). The concentration of SP is
enhanced in the blood of rats suffering from colitis (Holzer,
1998). As a systemic vasodilator, CGRP simulates pain and
regulates intestinal immunity similar to SP (Holzer, 1998; Engel
et al., 2012; Lai et al,, 2020). Sensory neurons in the gut of
mice release CGRP to defend against Salmonella infection, and
neurogenic inflammation challenged with LPS can promote

CGRP release via activation of Toll-like receptor 4 (TLR4) in
sensory neurons (Meseguer et al., 2014; Lai et al., 2020). As
an inhibitory neurotransmitter and neuroprotective agent in
the intestine, VIP is also an immunomodulator (Gonzalez-Rey
and Delgado, 2005; Arciszewski et al., 2008). Rat myenteric
neurons challenged with LPS increase the expression of VIP
(Arciszewski et al., 2008). Except for promoting differentiation,
development, and survival of neurons, BDNF regulates the
sensitivity of the colon and rectum to constipation (Delafoy
et al.,, 2006). It is synthesized by sensory neurons to mediate
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FIGURE 6 | Immunohistochemical staining of jejunal neurons (n = 6). PGP9.5, protein gene product 9.5; SP, substance P; CGRP, calcitonin gene-related peptide;
BDNF, brain-derived neurotropic factor; NPY, neuropeptide Y; NGF, nerve growth factor. CTRL, control treatment; LPS, control and LPS treatment; PQQ 2.5,
intragastric administration with 2.5 mg/kg b.w./day PQQ-Nay treatment; PQQ 5, intragastric administration with 5.0 mg/kg b.w./day PQQ-Nay treatment; PQQ 10,
intragastric administration with 10.0 mg/kg b.w./day PQQ-Nay treatment. Scale bar = 100 wm.
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inflammatory pain and regulate the sensitivity of visceral
afferents in rats suffering from colitis (Matayoshi et al., 2005;
Qiao et al, 2008). With systemic stress, NPY is released,
regulates endocrine, behavior, stress, anxiety, appetite, and
circadian rhythms, and functions in defecation and food intake
(Adrian et al., 1983; Zhou et al., 2008). The level of NPY is
increased in the hypothalamus and serum of mice suffering
from colitis (Hassan et al., 2014; Reichmann et al., 2015).
NGF is a nutrient protein for nerve cells and promotes the
repair of damaged nerve fibers (Bilderback et al., 1999). At
the site of inflammation, NGF concentration is increased, and
cytokines promote the synthesis of NGF by neurons and other
cells such as epithelial and endothelial cells (Mirz et al., 1999;
Minnone et al., 2017). In this study, concentrations of these

neuropeptides were increased in serum and small intestine
of rats in the LPS group. The increased levels were reduced
with PQQ treatment. The optional PQQ dose approved to be
5.0 mg/kg b.w. The concentrations of IL-1 and TNF-a display a
similar pattern to neuropeptides, suggesting that neuropeptides
regulated immune factors concentrations. In the colon, SP and
VIP concentrations showed the same trends as observed in the
jejunum. This might be due to the main site of inflammation
challenged with LPS. Additionally, P and VIP play the main role
of immunomodulators in the nervous system. Treatments with
PQQ increased concentrations of BDNFE, NPY, and NGF in the
colon which might be related to their neurotropic effects and
the damage caused by the LPS challenge. These neuropeptides
function in stress and neurotropic. When the intestine is
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FIGURE 7 | Immunohistochemical staining of colonic neurons (n = 6). PGP9.5, protein gene product 9.5; SP, substance P; CGRP, calcitonin gene-related peptide;
BDNF, brain-derived neurotropic factor; NPY, neuropeptide Y; NGF, nerve growth factor. CTRL, control treatment; LPS, control and LPS treatment; PQQ 2.5,
intragastric administration with 2.5 mg/kg b.w./day PQQ:Nay treatment; PQQ 5, intragastric administration with 5.0 mg/kg b.w./day PQQ-Nay treatment; PQQ 10,
intragastric administration with 10.0 mg/kg b.w./day PQQ-Nay treatment. Scale bar = 100 pwm.
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damaged, the neuropeptides secreted by the ENS aim to promote
neuronal survival and maintain normal functions (Holzer, 1998;
Arciszewski et al.,, 2008; Qiao et al.,, 2008). We deduced that
PQQ played a different role in different pathological states,
and we would investigate further. In conclusion, the results
reported in this study suggest that PQQ influenced the release

of neuropeptides which regulated the small intestine. We
conclude that PQQ regulated enteric neurochemical plasticity
of SP-, CGRP-, VIP-, BDNF-, NPY-, and NGF-immunoreactive
neurons of weaned rats.

Expression of p-Akt decreased in jejunum and colon with
PQQ supplementation. Akt can be phosphorylated by PI3K.
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Activated Akt can reduce and improve the activity of glycogen
synthase kinase-3p (GSK-3B) by phosphorylation of Ser9 and
Tyr216 sites, respectively (Majewska and Szeliga, 2017). GSK-
3B is associated with cell survival and apoptosis, which can
promote peripheral nerve regeneration, improve regrowth of
synapses after peripheral nerve damage, and play a role in
neurodegenerative diseases (Kitagishi et al., 2014; Huang et al,,
2017). Activated GSK-3p can induce Tau perphosphate. Tau
protein, a microtube-related protein, mainly acts on the far end
of the axon, participates in axon transport, and interacts with
the microtube protein, Tubulin, to stabilize the microtube and
regulate NMDA receptor signaling pathways (Goedert et al.,
1996; Igbal et al., 2016; Falcon et al., 2019). By regulating GSK-
3P and Tau protein, the PI3K/Akt signaling pathway affects a
variety of CNS diseases, such as Alzheimer’s disease, Parkinson’s
disease, and Huntington’s disease (Kitagishi et al., 2014; Rai
et al., 2019). PQQ inhibits apoptosis in the rat hippocampus
by regulating the Akt/GSK-38 pathway (Zhou et al., 2020). In
addition, PQQ can regulate memory via maintaining activation
of GSK-3B while reducing the expression of p-AKT (Zhou
X. Q. et al, 2018). In this study, PQQ reduced the magnitude
of increased p-Akt in jejunum and colon of rats caused by
LPS treatment which suggests that PQQ might regulate the
secretory functions and structure of the ENS wvia the Akt
signaling pathway.

In conclusion, based on ADG, jejunal morphology, immune
responses, and enteric neuropeptide expression, we conclude that
the intestinal health of weaned rats was damaged by the LPS
challenge. Dietary PQQ supplementation reduced inflammatory
injury and regulated neurochemical plasticity via the Akt
signaling pathway in the intestine of rats suffering from enteritis.
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Patients with irritable bowel syndrome (IBS) experience not only enhanced visceral
pain but also emotional comorbidities, such as anxiety and depression. Early life
stress (ELS) is a high-risk for the development of IBS. Literatures have reported an
important epigenetic modulation in sustaining extrinsic phenotypes. The amygdala is
closely related to the regulation of visceral functions and emotional experiences. In this
study, we hypothesized that ELS-induced reprogramming inappropriate adaptation of
histone acetylation modification in the amygdala may result in visceral hypersensitivity
and anxiety-like behaviors in ELS rats. To test this hypothesis, the model of ELS
rats was established by neonatal colorectal dilatation (CRD). Visceral hypersensitivity
was assessed based on the electromyography response of the abdominal external
oblique muscle to CRD. Emotional comorbidities were examined using the elevated
plus maze test, open field test, and sucrose preference test. Trichostatin A (TSA) and
C646 were microinjected into the central amygdala (CeA) individually to investigate the
effects of different levels of histone acetylation modification on visceral hypersensitivity
and emotion. We found neonatal CRD resulted in visceral hypersensitivity and anxiety-
like behaviors after adulthood. Inhibiting histone deacetylases (HDACs) in the CeA by
TSA enhanced visceral sensitivity but did not affect anxiety-like behaviors, whereas
inhibiting HAT by C646 attenuated visceral hypersensitivity in ELS rats. Interestingly,
CeA treatment with TSA induced visceral sensitivity and anxiety-like behaviors in the
control rats. Western blot showed that the expressions of acetylated 9 residue of
Histone 3 (H3K9) and protein kinase C zeta type (PKMg) were higher in the ELS rats
compared to those of the controls. The administration of the PKMg inhibitor ZIP into
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the CeA attenuated visceral hypersensitivity of ELS rats. Furthermore, the expression
of amygdala PKMt¢ was enhanced by TSA treatment in control rats. Finally, western
blot and immunofluorescence results indicated the decrease of HDAC1 and HDAC?2
expressions, but not HDAC3 expression, contributed to the enhancement of histone
acetylation in ELS rats. Our results support our hypothesis that amygdala-enhanced
histone acetylation induced by stress in early life results in visceral hypersensitivity and
anxiety-like behaviors in ELS rats, and reversing the abnormal epigenetic mechanisms
may be crucial to relieve chronic symptoms in ELS rats.

Keywords: amygdala, histone acetylation, histone deacetylase, protein kinase Mg, early life stress (ELS)

INTRODUCTION

Patients with irritable bowel syndrome (IBS) experience not
only enhanced visceral pain and abnormal bowel habits but
also emotional comorbidities, such as anxiety and depression
(Pimentel and Lembo, 2020). Visceral hypersensitivity and
negative emotions of patients with IBS persist in a long-term and
aggravate each other. Thus, the treatment for IBS in clinics is
considered challenging (Vierck et al., 2014). However, whether
visceral hypersensitivity of IBS shares the same molecular
pathways with negative emotions or not remains unclear.

Patients with IBS are two to four times more likely to report
a history of early life stress (ELS), such as abuse, poverty, or
trauma, in the early stages than healthy controls (Bradford
et al., 2012). ELS is a high-risk for the development of IBS.
Literatures have reported an important epigenetic modulation in
sustaining extrinsic phenotypes (Mitrousis et al., 2015; Louwies
and Greenwood-Van Meerveld, 2020; Marcal et al., 2021). For
example, histone acetylation modification can regulate gene
expression and result in long-term abnormal behaviors (Graff
and Tsai, 2013). Epigenetic modifications in the CeA serve
as memories of adverse events that occurred during early life
(Louwies and Greenwood-Van Meerveld, 2020). The level of
histone acetylation is dependent on the activities of histone
deacetylases (HDACs) and histone acetyltransferases (HATSs)
(Bahari-Javan et al., 2014). Studies have shown that HDAC
inhibitors (HDACIs) could alleviate neuropathic pain (Khangura
et al, 2019). HDACIs showed analgesic effects in animal
models of inflammatory persistent pain (Mao et al., 2019). The
upregulation of HDACs was also involved in chronic pain caused
by bone cancer through the pathological activation of microglia
and astrocytes in the spinal dorsal horn (Hu et al, 2017). On
the other hand, C646, an inhibitor of HAT p300, attenuated
mechanical allodynia and thermal hyperalgesia in the spinal
cord (Mao et al., 2019). Furthermore, administration of the
HAT inhibitor garcinol into central amygdala attenuated ELS-
induced visceral hypersensitivity in adult female rats (Louwies
and Greenwood-Van Meerveld, 2020). These studies have
indicated that histone acetylation modification is correlated
with chronic pain.

As an important part of the cortex-limbic network, the
amygdala is closely related to the regulation of visceral functions,
emotional experiences, and fear memories (Gauriau and
Bernard, 2004; Chaloner and Greenwood-Van Meerveld, 2013;

Lucassen et al., 2014; Cheng et al, 2019). The injection
of HDAC inhibitor trichostatin A (TSA) into the lateral
amygdala of rats enhanced H3 acetylation and auditory fear
memory consolidation, whereas HAT inhibitor destroyed the
consolidation and reconsolidation of Pavlovian fear conditioning
ability (Maddox et al., 2013a). Microinjection of HDACIs into
the central amygdala attenuated anxiety-like behaviors and
hypersensitivity reactions caused by increased corticosteroid
exposure (Tran et al., 2015). Above all, the amygdala is certainly
involved in the regulation of pain and emotion, but little is
known about the roles of histone acetylation modification in
regulating visceral hypersensitivity and negative emotions of
ELS rats. We previously found that the expression of protein
kinase C zeta type (PKMt) in the hippocampus of IBS rats
increased (Chen et al., 2015; Tang et al., 2016). Zeta inhibitory
peptide (ZIP), an inhibitor of PKMg, could attenuate chronic
visceral hypersensitivity in IBS rats (Chen et al., 2015; Tang et al.,
2016). Studies have shown that amygdala PKM¢ was involved
in the regulation of stress and fear memory (McDonald and
Mott, 2017; Zhou et al., 2018). However, elucidating the roles of
amygdala PKM¢ and the association between histone acetylation
modification and PKMC expression in ELS rats is required.

The primary aim of this study was to determine the roles
of histone acetylation modification and HDACI-3 in regulating
visceral hypersensitivity and negative emotions of ELS rats. The
secondary aim was to examine PKM{ expression and roles in the
amygdala of ELS rats and to determine whether it is regulated by
histone acetylation modification. This study could reveal novel
underlying mechanism of IBS and provide new molecule targets
for the treatment of IBS.

MATERIALS AND METHODS

Animal

Male Sprague-Dawley rats were purchased from the Laboratory
Animal Center of Fujian Medical University. The approval
number is SCXK (Fujian) 2012-0001. ELS rats were established by
colorectal dilation (CRD) stimulation of 60 mmHg pressure for
1 min using a 2.5 mm x 20 mm human vascular reconstruction
balloon (Chen et al., 2014; Fan et al.,, 2021). The stimulation
was performed once a day from the 8th to the 14th day after
birth. The pups were with dams until 21 days old. Control
rats were fed normally under the same conditions (a 12-h
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light/dark cycle with ad libitum access to food and water)
without neonatal colorectal dilation. The animal procedures were
approved by the Committee for Care and Use of Laboratory
Animals of Fujian Medical University. Behavioral and molecular
biological experiments were carried out at postnatal 8 weeks.
Experiments were performed by researchers blinded to the
treatment of animals.

Assessment of Visceral Hypersensitivity
Male rats (8 weeks old) were anesthetized with light isoflurane.
Abdominal electromyography (EMG) response to CRD
stimulation was measured to assess visceral hypersensitivity as
previously described (Chen et al., 2014; Fan et al., 2021). CRD
induces abdominal contractions, and this visceromotor response
is used to assess visceral pain. EMG responses were measured
with a system of RM6240BD (Chengdu, China). Two silver
electrodes were inserted into the abdominal muscles to record
EMG, which was induced by graded CRD of 40 or 60 mmHg for
10 s at intervals of 4 min. AEMG amplitude was determined as
the following formula.

AEMG amplitude = (EMG amplitude of CRD-EMG
amplitude of baseline) x 100%

/EMG amplitude of baseline.

Assessment of Anxiety-Like and
Depression-Like Behaviors

The elevated plus-maze test (EPMT) was used to score anxiety-
like behaviors in rats before and 24 h after the final drug
treatment. A video camera was located above the EPM to record
the behavior of each rat for 5 min (Yang et al, 2019). The
video was then analyzed by an investigator who was blind to the
treatment. Rats were placed in the experimental room for 30 min
to adapt to the environment and were then placed in the center
of the EPM facing an open arm. The percentage of time spent in
the open arms and the number of open arm entries were used to
quantify anxiety-like behaviors. Reduced open arm exploration
and entries indicates higher level of anxiety.

The open field test (OFT) was used to assess locomotor and
anxiety-like behaviors of rats (Liu et al.,, 2021). The open field
was a large square arena with a side length of 100 cm and 40-
cm-high walls in a dimly lit room. The activity of rats in the OFT
was videotaped during a 5-min session and later tracked using
an IR color dome camera (MODEL: TA-758RP, Shanghai Yishu
Information Technology Co., Ltd., China) (Yang et al, 2019;
Farazi et al., 2021). We measured the indicators including the
total distance traveled, the distance and time spent in the center
area, and the number of standings. Less center area exploration
and standing activity indicates anxious emotion.

Sucrose preference test (SPT) was used to examine anhedonia
in rats, which is the core manifestation of depression. The rats
were single-housed in the cages and provided two bottles of
water both containing 150 ml of 1% sucrose solution for the
first 24 h. For the next 24 h, two bottles of water were supplied
containing pure water and 1% sucrose solution, respectively.
After the adaptive period, the rats were deprived of food and
water for the next 24 h. Finally, each rat was free to access

a bottle of 1% sucrose solution and a bottle of pure water at
the same time, and sucrose preference was examined for 1 h
(Zhang et al., 2021). The two bottles were repositioned midway
during the test time to avoid position preference in drinking
behaviors. The consumption of water and sucrose was measured
by the weight difference of the water bottles before and after the
test. Sucrose preference was calculated as sucrose intake/(sucrose
intake + water intake) *100%.

Surgical Procedures

After isoflurane (Shandong Keyuan Pharmaceutical Co., Ltd.,
China) anesthesia, rats were fixed in a stereotaxic instrument
(Narishige, Japan) for the stereotaxic implantation of a catheter.
A small cut was made to expose the skull using aseptic
techniques, and 1 mm holes were drilled —3.3 mm posterior
and £+ 4.8 mm lateral to the bregma. Bilateral catheters were
lowered —7.5 mm from the dura.

Stereotaxic Implantation of Cannula for CeA Infusions
Implantation of cannula was carried out as previously described
(Tran et al., 2015). A custom indwelling cannula, injector, and
cannula cap were provided by Shenzhen RWD Life Science
(RWD, Shenzhen, China). Each cannula (inside diameter:
0.34 mm; outer diameter: 0.48 mm), which extended 7.5 mm
below the threaded pedestal, was placed flush to the skull at
the same coordinates. A stainless steel screw was mounted
triangularly to the two sides of the cannula and held to the skull
with adhesive. The rats recovered without disturbance for 1 week.
TSA [200 wmol/L (Wei et al., 2016); Meilunbio, Dalian, China],
C646 [2 mmol/L (Maddox et al., 2013b); MedChem Express,
China], PKM¢ inhibitor ZIP [0.5 wmol/L (Chen et al., 2015);
ab120993, Abcam] or vehicle (VEH) (0.1% dimethyl sulfoxide)
was administered once. Isoflurane 2% was used to anesthetize
rats through the anesthetic mask. Then the matched injector was
placed into the cannula. We injected a total volume of 1 ul of
TSA, C646, ZIP or VEH into each cannula at a rate of 0.05-
0.1 wl min~! for a total of 10-20 min using a microinjector
(Shanghai Gaoge Industry and Trade Co., Ltd., China). The
injector was kept in place for an additional 10 min to ensure
complete diffusion of the solvent.

Verification of Cannula Placement

After the behavioral experiments, we microinjected bromophenol
blue solution (5%) into the CeA and removed the brain
for coronal section to examine the casing trajectory. The
data with inaccurate location were excluded from the
experimental statistics.

Nuclear Protein Extraction

Nuclear proteins were extracted from the tissue samples using
the Nuclear and Cytoplasmic Protein Extraction Kit (P0027,
Beyotime Biotechnology) according to the manufacturer’s
protocol. Protein quantification of the extraction product
was performed using the Enhance BCA Protein Assay
Kit system (P0012S, Beyotime Biotechnology). Following
quantification, the samples were aliquoted and stored at —80°C
for subsequent analysis.
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Western Blot Assay

The proteins from the amygdala tissue samples were separated
using 10-12% gradient polyacrylamide gel (P0012A, Beyotime
Biotechnology), transferred to a polyvinylidene difluoride
membrane electrophoretically, and probed with Histone H3
(acetylK9) (ab10812, Abcam, 1:500), HDACI1 (ab19845, Abcam,
1:1,000), HDAC2 (ab32117, Abcam, 1:2,000), HDAC3 (ab32369,
Abcam, 1:7,000), and PKM zeta (ab59364, Abcam, 1:500),
respectively. B-actin (AC004, ABclonal, 1:7,000), Histone H3
(ab1791, Abcam, 1:500), and GAPDH (MBO001, Bioworld,
1:5,000) were used as the controls. Horseradish-peroxidase-
conjugated secondary antibody (1:10,000) was used to incubate
the membrane for 8 h. Protein bands were detected using
an enhanced chemiluminescence kit (WBKLS0500, Immobilon,
Millipore). Protein expression indicated by the intensity of
protein bands was determined using Image J software.

Immunofluorescence Histochemical
Staining

Animals were intracardially perfused with PBS and 4%
paraformaldehyde. After fixation, dissected brains were
cryoprotected in 20% sucrose overnight at 4°C and then in 30%
sucrose at 4°C. Coronal sections of 20 um were obtained using
a cryostat and further processed for immunohistochemistry.
Briefly, slices were incubated in blocking fluid (Beyotime) to
permeabilize and block unspecific staining. Primary antibodies
were incubated for 48 h at 22-24°C and secondary antibodies
overnight at 4°C. Both primary and secondary antibodies
were diluted in blocking fluid (Beyotime). Rabbit anti-HDAC1
(ab19845, Abcam, 1:1,000), anti-HDAC2 (ab32117, Abcam,
1:250), and anti-HDAC3 (ab32369, Abcam, 1:100) were used
as primary antibodies. All secondary antibodies Alexa 488
(Invitrogen) was diluted 1:1,000. Immunofluorescence labeling
of a specific protein was used to determine its localization
with the cells. Immunofluorescence images were captured
using laser scanning confocal microscope (FV3000, Olympus,
Japan). Left or right CeA was imaged. Integrated optical density
(I0OD) of the specific protein was analyzed using the Image-Pro
Plus 6.0 software (Media Cybernetics, United States). The
relative concentration of the labeled protein was quantified by
specific thresholding of the fluorescent region of interest and by
measuring the IOD of the fluorescent signal.

Statistical Analysis

SPSS 17.0 software was used for data analysis. Data are presented
as mean + SEM. The data for EMG and behaviors were analyzed
with one-way ANOVA and independent samples ¢-test. Western
blotting and Immunofluorescent data were analyzed with one-
way ANOVA and independent samples ¢-test. The administration
of TSA, ZIP or C646 was compared using a paired-samples ¢-test.
Statistical analysis was performed using GraphPad Prism 8.0.
Immunofluorescent graphs were quantified by integrated optical
density (IOD) with the Image-Pro Plus 6.0 software. P < 0.05 was
considered statistically significant. If the distribution of data was
non-normal or the variance was uneven, the non-parametric test
(Mann-Whitney U test or Wilcoxon signed-rank test) was used.

RESULTS

Neonatal Colorectal Distension Resulted
in Visceral Hypersensitivity and

Anxiety-Like Behaviors in Adult Rats

Electromyography (EMG) amplitudes were significantly higher
at 40 and 60 mmHg colorectal distension (CRD) pressure in ELS
rats than in control rats (Figures 1A,B). Anxiety-like behaviors
were examined using the elevated plus maze test (EPMT) and
open field test (OFT) in rats. In the OFT, the distance, time
spent in the center area, and the number of standings were
lower in ELS rats than in control rats (Figures 1D, F-H),
while the total distance did not change significantly (Figure
1E). Similar results were found in the experiments using the
EPMT. Time spent in the open arms and entries into the
open arms of ELS rats were significantly less than those of
control rats (Figures 1I1-K). Anhedonia was also measured using
the sucrose preference test. However, there was no significant
reduction in the sucrose preference ratio of ELS rats relative
to that of control rats (Figure 1C). These results indicated that
neonatal CRD resulted in visceral hypersensitivity and anxiety-
like behaviors in adult rats.

The Effects of Central Amygdala
Treatment of Trichostatin A or C646 on
Visceral Hypersensitivity and
Anxiety-Like Behaviors of Early Life
Stress Rats

Chronic phenotypes can be sustained by epigenetic mechanisms,
such as histone modifications. To clarify the contribution of
histone acetylation to visceral hypersensitivity and anxiety-
like behaviors of ELS rats, TSA and C646 were microinjected
into the central amygdala (CeA) individually. Localization of
drug placement and verification of the location accuracy of
CeA were performed following bromophenol blue staining
of microinjection. Those with inaccurate positioning were
discarded.

Overall, significant effects of HDACI (TSA) infusion on
EMG and open arms time of the EPMT in ELS rats were
observed. DMSO had no effect on EMG and EPMT (Figures
2A,D,G,]). Treatment with TSA significantly enhanced visceral
hypersensitivity at 3 h and 6 h in ELS rats (Figures 2B,E), whereas
it was only at 6 h in control rats. The entries in the open arms
of EPMT were not significantly changed by TSA treatment in
control and IBS rats (Figure 2H). Interestingly, treatment with
TSA resulted in a significant decrease in the time spent exploring
the open arms of the EPMT (Figure 2K) only in control rats. Our
results suggested that CeA treatment with TSA induced visceral
hypersensitivity and anxiety-like behaviors in control rats and
enhanced visceral hypersensitivity in ELS rats.

C646, a HAT inhibitor, was expected to have an opposite
effect of TSA by increasing histone acetylation. Expectedly,
the microinjection of C646 in the CeA attenuated visceral
hypersensitivity of ELS rats when compared with control rats
(Figures 2C,F). However, treatment of C646 did not affect
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FIGURE 1 | Neonatal CRD resulted in visceral hypersensitivity and anxiety-like behaviors in adult rats. (A,B) Successful chronic visceral pain modeling with EMG
assessment. The original typical traces of EMG (A). Amplitude of AEMG in ELS rats, compared to that of controls, shown by quantification (B). N = 40. One-way
ANOVA and Mann-Whitney U test were performed. (C) Sucrose preference test used to detect depression-like behavior in rats. N = 9. Independent samples t-test
was performed.(D-H) Anxiety-like behaviors were tested in the OFT. Original traces of OFT (D). Quantification of the total distance (E), the central area total distance
(F), the central area total time (G), and the number of standings in OFT (H). N = 13-20. Independent samples t-test was performed. (I-K) Anxiety-like behaviors
were tested in the EPMT. Original trajectory representation diagram of EPMT (). Quantification of entries (J) and time (K) in the open arms. *p < 0.05, **p < 0.01,
**p < 0.001. N = 15. Independent samples t-test was performed (J).One-way ANOVA and Mann-Whitney U test were performed (K). N represents the number of
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anxiety-like behaviors of ELS rats in the experiment of the EPMT
(Figures 2LL).

The Involvement of Acetylated Lysine 9
Residue of Histone 3 (acH3K9) and
Protein Kinase C Zeta Type in Early Life
Stress Rats

Since our results indicated the contribution of histone acetylation
to visceral sensitivity and anxiety-like behaviors of ELS rats,
acH3K9 in the amygdala was assessed using western blot.
acH3K9 expression was higher in ELS rats than in control
rats (Figure 3A).

Our previous study showed that hippocampus PKMg was
involved in visceral sensitivity of ELS rats. In this study, we
examined the expression of amygdala PKM¢ using western blot,
which was higher in ELS rats than in control rats (Figure 3B). The
administration of PKMC inhibitor ZIP into the CeA attenuated
visceral hypersensitivity of ELS rats (Figure 3G). However, ZIP

treatment didn’t affect anxiety-like behaviors of ELS rats in the
experiment of the EPMT (Figures 3H-I).

Protein expression is possibly regulated by histone acetylation.
Amygdala PKM¢ expression was assessed after TSA and C646
were microinjected into the CeA individually to alter the level
of histone acetylation. TSA treatment increased amygdala PKMg
expression in control rats (Figure 3C), but not in ELS rats (Figure
3D). However, C646 treatment did not affect PKMC expression in
both control and ELS rats (Figures 3E,F).

Amygdala Histone Deacetylase 1-2
Expression Decreased in Early Life

Stress Rats

To determine whether HDACs contributed to the elevation of
histone acetylation in ELS rats, we examined the expression of
nucleus HDAC1-3 in the amygdala. Amygdala nucleus HDACI
and HDAC?2 expressions decreased, whereas HDAC3 expression
had no significant difference between ELS rats and control
rats (Figures 4A-C). HDACI-3 expression was further verified
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FIGURE 2 | Effects of TSA and C646 on pain and anxiety-like behaviors in rats. (A-F) Quantification of the amplitude of AEMG response to CRD (40, 60 mmHg)
before and after microinjection of DMSO (A), TSA (B), C646 (C) in control rats and DMSO (D), TSA (E), C646 (F) in ELS rats. (G-I) Quantification of entries in the
open arms before and after the microinjections of DMSO (G), TSA (H), and C646 (1) in rats. (J-L) Quantification of time in the open arms before and after the
microinjections of DMSO (J), TSA (K), and C646 (L) in rats. *o < 0.05, **p < 0.01, **p < 0.001. N = 7-8. A paired-samples t-test was performed (A,G-J,L).
A paired-samples t-test and Wilcoxon signed-rank test were performed (B-F,K). N represents the number of rats per group.

using immunofluorescence (Figure 5). The results are consistent
with those of western blot, indicating that the decrease of
amygdala nucleus HDAC1 and HDAC2 expressions, but not
HDACS3 expression, contributes to the enhancement of histone
acetylation in ELS rats.

DISCUSSION

Our study indicated the important roles of histone acetylation
modification in visceral hypersensitivity and negative emotion
of ELS rats. We found that neonatal CRD resulted in visceral
hypersensitivity and anxiety-like behaviors after adulthood.
Inhibiting HDAC:s in the CeA enhanced visceral sensitivity but
did not affect anxiety-like behaviors, whereas inhibiting HAT

attenuated visceral hyperalgesia in ELS rats. Interestingly, CeA
treatment with TSA induced visceral sensitivity and anxiety-like
behaviors in control rats. Western blot showed that acH3k9 and
PKMz expressions were higher in ELS rats than in control rats.
The administration of the PKMg inhibitor ZIP into the CeA
attenuated visceral hypersensitivity of ELS rats. Furthermore,
amygdala PKM¢ expression was enhanced by TSA treatment
in control rats. Finally, western blot and immunofluorescence
results indicated that the decrease of HDAC1 and HDAC2
expressions, but not HDAC3 expression, contributed to the
enhancement of histone acetylation in ELS rats.

Irritable bowel syndrome is characterized by repeated
abdominal pain in the absence of recognizable organic
pathological changes, accompanied by abnormal defecation
habit (Elsenbruch, 2014; Fadgyas-Stanculete et al., 2014;
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FIGURE 3 | The expression of acH3K9 and PKM in the amygdala of rats. And effects of ZIP on visceral hypersensitivity and anxiety-like behaviors in rats. Western
blot showed that the expression of AcH3 (A) and PKM¢ (B) increased in ELS rats compared to that in the controls. N = 5. (C,D) TSA treatment of CeA enhanced
PKMc expression in the control rats (C) but not in the ELS rats (D). (E,F) C646 treatment of CeA did not affect PKMc¢ expression in both the control (E) and ELS rats
(F). ZIP (a PKMt inhibitor) treatment of CeA attenuated visceral hypersensitivity (G) without affecting entries (H) and time (1) in the open arms of the EPMT in ELS
rats. *p < 0.05, *p < 0.01. N = 6. Independent samples t-test was performed (A,C~F). One-way ANOVA and Mann-Whitney U test were performed (B).
A paired-samples t-test and Wilcoxon signed-rank test were performed (G-l). N represents the number of rats per group.

Meerveld and Johnson, 2018). Animal models of IBS were often  pain but also on emotional comorbidity in ELS rats. We
established by recapitulating early-life stress, such as mother- found that neonatal CRD resulted in visceral hypersensitivity
infant separation (Moloney et al., 2015), unpredictable electrical ~and anxiety-like behaviors after adulthood in rats. Similar
stimulation (Louwies and Greenwood-Van Meerveld, 2020), results were reported in IBS rats induced by neonatal maternal
and neonatal CRD (Chen et al,, 2014; Gil et al,, 2016; Fan et al.,  separation (Moloney et al., 2015). Functional brain imaging
2021). Our previous study indicated that neonatal CRD induced revealed that cognitive-emotional processes had an important
visceral hypersensitivity after adulthood (Chenetal,2014; influence on gastrointestinal sensation (Pellissier and Bonaz,
Fan et al,, 2021). In this study, we focused not only on visceral 2017). Greenwood-Van Meerveld et al. reported that patients
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with IBS may experience aggravation of clinical symptoms under
anxiety or stress (Greenwood-Van Meerveld et al., 2016; Pimentel
and Lembo, 2020). The vicious circle of visceral hypersensitivity
and negative emotions is considered challenging for the
treatment of IBS. IBS patients show a hyperactive amygdala in
brain imaging studies (Bonaz et al., 2002). A previous study
showed that decreased CeA acH3K9 expression might lead to
anxiety-like behaviors and hypersensitivity reactions caused
by increased corticosteroid exposure (Tran et al, 2015). We
also examined acH3K9 expression in the amygdala and found
neonatal CRD caused increased acH3K9 in the amygdala of
adult rats. The contradicting results may be caused by different
methods of establishing animal models, which involved different
pathophysiological mechanisms.

Since histone acetylation is involved in ELS rats, we
hypothesized that modifying the acetylation level of histones
might affect visceral hypersensitivity and anxiety-like behaviors
of ELS rats. Therefore, we compared visceral pain reaction
and emotions before and after HDAC inhibitor TSA and HAT
inhibitor C646 were microinjected into the CeA individually.
TSA is an effective, non-competitive, and reversible HDAC
inhibitor that can increase the level of histone acetylation
modification. TSA could enhance the acetylation of histones
H3K9 and H4K8 (Zhang et al., 2019) in mice. In cultured
cortical neurons, TSA treatment increased the expression of
H3K9 and H3K18 (Borodinova et al., 2019). In contrast, C646
is a selective and competitive HAT p300 inhibitor that has
little effect on other acetyltransferases. Previous studies reported
that p300 preferentially acetylates histone H3K18/K27 instead
of H3K9 (Lasko et al,, 2017) and deletion of p300 specifically
and dramatically reduced acetylations on H3K18 and H3K27
(Jin et al, 2011). In our study, CeA treatment with TSA
induced visceral hypersensitivity and anxiety-like behaviors,
whereas C646 did not affect visceral pain reaction and emotional
behaviors in control rats. In ELS rats, visceral hypersensitivity was

enhanced by TSA and alleviated by C646. Unexpectedly, anxiety-
like behaviors of ELS rats were not significantly altered by either
TSA or C646. In control rats, the level of CeA acH3K9 is low
and TSA treatment might increase acH3K9 level which results in
visceral hypersensitivity and anxiety-like behaviors. Though ELS
rats showed high level of CeA acH3KO9, it seems TSA treatment
could further increase acH3K9 level to aggravate visceral pain.
TSA could induce visceral hypersensitivity and anxiety-like
behaviors in controls and enhance visceral hypersensitivity in
ELS rats, suggesting the important role of histone acetylation
in ELS. The results of C646 indicate p300 might participate
in the process of visceral hypersensitivity but not anxiety-like
behaviors of ELS rats. Since p300 preferentially acetylates histone
H3K18/K27 (Jin et al., 2011; Lasko et al., 2017), it is reasonable
for us to speculate that in addition to acH3K9, there are other
sites of histone acetylation involved in ELS rats. Our results
are consistent with the report that intrathecal injection of HAT
inhibitors could reduce the visceral hypersensitivity by colorectal
dilatation (Aguirre et al, 2017). In the chronic neuropathic
pain model, the decrease of HDAC subtype sirtuin-1 (SIRT1)
in the CeA increased H3K9, allowing animals to be at higher
risk of emotional comorbidities, such as anxiety and depression.
Moreover, this emotional comorbidity could be reversed by
local overexpression of SIRT1 (Zhou et al., 2020). Although the
type of chronic pain is different, emotional comorbidities seem
to be involved with similar histone acetylation modification.
However, literatures have reported that intrathecal injection of
HDAC inhibitors could attenuate visceral hypersensitivity (Cao
et al., 2015, 2016; Niederberger et al., 2017). Microinjection of
HDACIs into the CeA attenuated anxiety-like behaviors and
hypersensitivity reactions caused by increased corticosteroid
exposure (Tran et al., 2015). Inconsistent results reported in
literatures have suggested that the underlying mechanisms of
chronic pain and emotional comorbidities vary based on the
animal model and types of pain and tissue.
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optical density.

Our previous studies found that the expression of PKM¢ and
PKMc-dependent long-term potentiation were enhanced in the
CAL1 of IBS rats, and microinjection of ZIP in the hippocampus
could alleviate visceral hypersensitivity (Chen et al., 2015; Tang
et al,, 2016), indicating that hippocampal PKM¢ is involved in
pain memory. However, PKM{ expression in the amygdala of
IBS and the interface between histone acetylation and PKMzg
are unclear. Therefore, we examined PKM{¢ expression and
found that it was also significantly increased in the amygdala
of ELS rats. Then we microinjected the PKM¢ inhibitor ZIP

into the CeA and found ZIP attenuated visceral hypersensitivity
of ELS rats. However, ZIP treatment didn’t affect anxiety-like
behaviors of ELS rats in the experiment of the EPMT. Our
finding indicated the increased PKM¢ in CeA might contribute
to visceral hypersensitivity but not emotional comorbidity of ELS
rats. PKM¢ seems a key molecule involved in the pain memory
induced by early life stress. PKM¢ inhibition could disrupt the
expression of pain memory to attenuate visceral hypersensitivity
of ELS rats. In contrast, PKMC in the CeA is not likely associated
with emotional comorbidity of ELS. The functional research of
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the limbic brain showed that PKMC inhibition in the basolateral
amygdala, but not in the hippocampus, can disrupt fear memory
(Kwapis et al., 2009). The role of PKM varies by brain areas and
different emotional disorders. The current results might point
toward two potentially different molecular mechanisms involved
in the downstream of increased histone acetylation modification
in CeA that modulate visceral hypersensitivity and emotional
comorbidity of ELS rats. Histone acetylation and PKM¢ in CeA
are both involved in the visceral hypersensitivity of ELS rats. We
examined if PKM is the molecular target of histone acetylation
modification though enhanced histone acetylation in ELS rats is
likely to regulate many genes. We found CeA treatment with TSA
enhanced PKMC expression, whereas C646 did not affect PKMg
expression, suggesting that PKMC expression is possibly regulated
by HDAC classes I and II, but not by p300. Memory research
also found histone hyperacetylation enhanced PKM¢ transcripts
(Borodinova et al., 2019). However, more experiments need to be
done to clarify the direct interaction of histone acetylation and
PKMg gene in ELS rats in the future.

A recent study found that the overexpression of neuron-
specific HDAC2, but not that of HDACI, reduced dendritic
spine density, number of synapses, synaptic plasticity, and
memory formation (Guan et al., 2009). On the contrary, HDAC2
deficiency resulted in an increase in the number of synapses and
memory facilitation, similar to chronic treatment of HDAC in
mice (Guan et al., 2009). The subtypes of HDAC plays different
roles in synaptic plasticity and memory formation. Epigenetic
modifications in the CeA serve as memories of adverse events
that occurred during early life (Louwies and Greenwood-Van
Meerveld, 2020). To clarify if high histone acetylation expression
in ELS rats results from the decrease of HDAC expression,
we examined HDAC1-3 expressions in the amygdala. It was
found that HDAC1 and HDAC2 expressions decreased, whereas
HDACS3 expression did not change significantly in the amygdala
of ELS rats, indicating that the decreased HDAC1 and HDAC2
expression is responsible for the high level of histone acetylation
in the amygdala of ELS rats. As a result, increased histone
acetylation facilitated PKM{¢ expression in the CeA and caused
visceral hypersensitivity in ELS rats. Recent literatures reported
the existence of sexually dimorphic pain signaling in the spinal
(Mapplebeck et al., 2018) and CeA (Louwies and Greenwood-Van
Meerveld, 2020) of rats. Behavioral study showed estrous cycle
and ELS are significant factors in visceral sensitivity (Moloney
et al,, 2016). In the future, it could be interesting to explore the
sex difference in histone acetylation/PKM¢ signaling in ELS rats
induced by neonatal CRD.

In summary, we infer that neonatal CRD stimulation inhibited
HDAC1 and HDAC2 expressions in the amygdala, which
enhanced the level of histone acetylation in the amygdala
of ELS rats. Modifying the levels of histone acetylation can
affect visceral pain and anxiety-like behavior in rats. Moreover,
PKMg expression in the CeA was facilitated by increased
histone acetylation, resulting in visceral hypersensitivity but not
anxiety-like phenotype in ELS rats. Two potentially different
molecular mechanisms might be involved in the downstream
of increased histone acetylation modification in CeA that
modulate visceral hypersensitivity and emotional comorbidity

of ELS rats. Reprogramming inappropriate adaptations may
result in sustaining extrinsic phenotypes, such as visceral
hypersensitivity and anxiety-like behaviors in ELS rats. Since
epigenetic programming is dynamic and revisable, reversing
stress-induced abnormal epigenetic mechanisms may be crucial
to relieve chronic symptoms in ELS rats.

CONCLUSION

Early life stress are induced by nociceptive stimulation in
neonatal rats, which might induce inappropriate reprogramming
by decreasing HDAC1 and HDAC?2 expressions in the amygdala.
Increased acH3K9 is involved in the phenotypes of visceral
hypersensitivity and anxiety-like behaviors in ELS rats.
Furthermore, enhancing amygdala histone acetylation facilitates
the expression of synaptic plasticity-related protein PKMg, which
regulates visceral hypersensitivity of ELS rats. This study could
provide new ideas for the treatment of IBS.
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Sleep disruption is a challenging and exceedingly common physiological state that
contributes to a wide range of biochemical and molecular perturbations and has
been linked to numerous adverse health outcomes. Modern society exerts significant
pressure on the sleep/wake cycle via myriad factors, including exposure to electric
light, psychological stressors, technological interconnection, jet travel, shift work,
and widespread use of sleep-affecting compounds. Interestingly, recent research has
identified a link between the microbiome and the regulation of sleep, suggesting
that interventions targeting the microbiome may offer unique therapeutic approaches
to challenges posed by sleep disruption. In this study, we test the hypothesis
that administration of a prebiotic diet containing galactooligosaccharides (GOS) and
polydextrose (PDX) in adult male rats improves sleep in response to repeated sleep
disruption and during recovery sleep. We found that animals fed the GOS/PDX prebiotic
diet for 4 weeks exhibit increased non-rapid eye movement (NREM) and rapid eye
movement (REM) sleep during 5 days of sleep disruption and increased total sleep
time during 24 h of recovery from sleep disruption compared to animals fed a control
diet, despite similar baseline sleep characteristics. Further, the GOS/PDX prebiotic diet
led to significant changes in the fecal microbiome. Consistent with previous reports,
the prebiotic diet increased the relative abundance of the species Parabacteroides
distasonis, which positively correlated with sleep parameters during recovery sleep.
Taken together, these findings suggest that the GOS/PDX prebiotic diet may offer an
approach to improve resilience to the physiologic challenge of sleep disruption, in part
through impacts on the microbiome.

Keywords: sleep, sleep restriction, prebiotic, microbiome, microbiome-gut-brain axis
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INTRODUCTION

Sleep disruption is a common problem in modern society.
Sleep deprivation increases the risk of motor vehicle accidents
(Barger et al,, 2005; Bioulac et al, 2017), workplace injuries
(Nakata, 2011), and medical errors (Trockel et al., 2020).
Chronic sleep disruption has been associated with many
adverse health consequences, including, but not limited to,
increased rates of cardiovascular, metabolic, gastrointestinal,
neurological, and psychiatric diseases (Kecklund and Axelsson,
2016; Liew and Aung, 2021). Many aspects of the modern
environment contribute to sleep disruption: electric light, screen
exposure, technological interconnection, societal and workplace
expectations for near constant availability, jet travel, shift work,
and widespread use of sleep-interfering chemicals such as caffeine
(Grandner, 2017). Although lifestyle modifications may mitigate
some of these factors, these are not often effective under all
conditions nor are they widely adopted or sustainable over long
periods of time. Furthermore, it seems unlikely that societal,
environmental, and cultural factors contributing to insufficient
sleep duration and poor sleep habits will reverse. Thus,
interventions aimed at improving resilience to insufficient sleep
may offer a viable strategy for mitigating adverse consequences.

Interestingly, recent work has demonstrated bidirectional
connections between sleep and the microbiome in rodent
models (Thompson et al, 2016, 2020; Bowers et al., 2020;
Wang et al, 2022) and humans (Matenchuk et al, 2020).
Considering the context of the large and growing bodies
of literature linking adverse physiologic consequences and
multiple diseases to sleep disruption (Kecklund and Axelsson,
2016; Liew and Aung, 2021) and to changes to the intestinal
microbiome, or dysbiosis (Battson et al., 2018; Halverson and
Alagiakrishnan, 2020; Meng et al., 2020), strategies targeting
the structure and function of the microbiome are an exciting
potential therapeutic opportunity (Wolter et al., 2021). One
such approach is via dietary supplementation with prebiotics,
which are compounds neither absorbed nor actively metabolized
by human hosts but are selective substrates for intestinal
bacteria thought to be beneficial (Manning and Gibson, 2004).
Galactooligosaccharides (GOS) and polydextrose (PDX) are
examples of prebiotics that have been shown to impact
physiological processes in different model systems (Macfarlane
et al,, 2008; Do Carmo et al., 2016), including a recent report
showing that GOS/PDX supplementation in rats accelerates
recovery in response to environmental disruption of circadian
rhythms (Thompson et al., 2021).

In this study, we test the hypothesis that dietary
supplementation with the prebiotics GOS and PDX improves
sleep in response to sleep deprivation and recovery sleep in adult

Abbreviations: ANCOM, analysis of composition of microbiomes; BL, baseline;
clr, centered log ratio; Con, control diet; EEG, electroencephalography; EMG,
electromyography; GOS, galactooligosaccharides; LPS, lipopolysaccharide; NREM,
non-rapid eye movement; OLM, object location memory; P, postnatal day; PC,
principal coordinate; PCoA, principal coordinate analysis; PDX, polydextrose;
PERMANOVA, permutational multivariate analysis of variance; Pre, prebiotic
diet; REM, rapid eye movement; SD1-5, 24-h sleep disruption day 1-5; S1-5, 20-h
sleep disruption window; ZT, Zeitgeber time.

male rats. We demonstrate that prebiotic diet supplementation
led to changes in the structure and predicted function of the
microbiome. The prebiotic diet did not impact baseline sleep,
yet, surprisingly, promoted increased non-rapid eye movement
(NREM) and rapid eye movement (REM) sleep during the
sleep deprivation protocol as well as increased total sleep
during recovery. These sleep changes were positively correlated
with the relative abundance of the bacterium Parabacteroides
distasonis, which we and others have previously shown to
be increased by GOS/PDX supplementation and which may
promote resilience in the setting of physiologic challenges
such as chronic disruption of circadian rhythms (Thompson
et al, 2021). An analysis of fecal bile acids demonstrated
associations with P. distasonis and other bacteria impacted
by the prebiotic diet, suggesting a potential mechanism
by which the prebiotic diet may exert physiologic effects.
These findings indicate that dietary interventions targeting
the microbiome may provide resilience in the context of
physiologically challenging environmental stimuli such as
insufficient sleep.

MATERIALS AND METHODS

Animals and Experimental Design

Figure 1 presents a schematic of the experimental protocol.
Twelve cohorts of eight 23-day old male Sprague Dawley
rats (Envigo Laboratories, Madison, Wi, United States) were
used for this experiment (N = 96). A total of 13 animals
did not complete the experimental protocol and were thus
eliminated from all analyses, for a total N = 83. No explicit
power analysis was used, the sample size was selected to
ensure an adequate number of biological replicates for the
primary outcome measure: polysomnographic sleep recording
(target of N = 10-12/experimental group). The experiment
consisted of eight experimental groups in a 2 x 2 x 2
design (control diet vs prebiotic diet, ad libitum sleep wvs
sleep disruption, no social defeat vs social defeat). Rats
were pair-housed until electroencephalographic (EEG) and
electromyographic (EMG) implant surgery at 7 weeks of age,
after which they were individually housed until the end of the
experiment.

After placement of rats in cages on the day of arrival,
diet groups (control diet vs prebiotic diet) were randomly
assigned to the different cages. After EEG/EMG surgery, rats
were assigned to further experimental groups (ad libitum sleep
vs sleep disruption and no social defeat vs social defeat)
randomly, with an effort to ensure prior cagemates were in
different groups. Male Long Evans rats (Envigo Laboratories)
were used as aggressors in the social defeat model (see below).
All rats were maintained on a 12:12 light:dark cycle at room
temperature (23 = 2°C) with food and water available ad libitum
throughout the experiment. All protocols were approved in
advance by the Northwestern University Institutional Animal
Care and Use Committee. Zeitgeber time (Zt) is defined as
the number of hours after the onset of the light period (light
onset = Zt0).
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FIGURE 1 | Experimental timeline. (A) Overview of the experimental protocol. Experimental protocol days are depicted along the axis of the timeline. The yellow
horizontal arrow denotes the sleep disruption portion of the protocol. The red and green arrows denote social defeat and object learning memory, respectively. Days
of fecal sample collection are indicated with gray arrows. (B) Detail of indicated period that includes the sleep disruption protocol, social defeat stress (red
arrowhead), object location memory (green arrowhead), and terminal sample collection (black arrowhead). Tick marks along the bottom of the timeline axis indicate
Zeitgeber time (ZT) on that day, white/black rectangles indicate 12-h light/dark phases, and yellow rectangles indicate time periods of sleep disruption for the
sleep-disrupted groups (ZT6-ZT2). EEG/EMG recording intervals, as used in the forthcoming figures, are indicated above the timeline. BL, baseline; OLM, object
location memory; P, postnatal day; S, 20-h sleep disruption window; SD, 24-h sleep disruption day; ZT, Zeitgeber time.
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Experimental Diets

Upon arrival to the facility, rats were started on ad libitum control
or prebiotic diets as previously described (Thompson et al., 2021).
The control diet was Envigo Teklad diet TD.110883 (Envigo
Teklad, Madison, WI, United States). The prebiotic diet consisted
of the control diet supplemented with galactooligosaccharides
[GOS, 21.23 total g/kg (7.00 active g/kg); FrieslandCampina,
Zwolle, Netherlands] and polydextrose (PDX, 7.69 total g/kg
(7.00 active g/kg); Danisco, Terre Haute, IN, United States). The
prebiotic diet was custom-made by Envigo Teklad (TD.110889).
The control and prebiotic diets are isocaloric and contain
similar macronutrient, vitamin, and mineral levels, as previously
described (Thompson et al., 2016, 2021).

EEG/EMG Implantation Surgery

Four weeks after arrival, and 14 days prior to baseline
sleep (i.e, on day -14), rats were implanted with
electroencephalographic/electromyographic (EEG/EMG)
sleep recording devices (Pinnacle Technologies, Lawrence, KS,
United States). Surgical procedures were performed using a
rat stereotaxic apparatus with standard aseptic techniques in
a ventilated, specially equipped surgical suite. Anesthesia was
induced by isoflurane gas. The EEG/EMG headmount consisted
of a plastic 6-pin connector attached to four EEG electrodes
and two EMG electrodes. Four stainless steel screws serving
as two EEG leads and grounds were screwed into the skull
with one lead located 5 mm anterior to bregma and 2 mm
lateral to the central suture, another 1 mm anterior to bregma,
2 mm lateral to the central suture, and the other two at 1 mm
anterior to lambda and 2.5 mm lateral to each side of the central
suture. The exposed ends of two stainless steel Teflon-coated
wires serving as EMG leads were then inserted into the nuchal
muscles using a pair of forceps. The entire headmount was then
sealed by dental acrylic and, at the front and the back of the

implant, sutures were used to close the incision. Indirect heat
support was provided until recovery from anesthetic by placing
a heating pad underneath half of the cage the animals were
returned to after surgery. Subcutaneous injection of analgesic
meloxicam (2 mg/kg; Norbrook Laboratories, Northern Ireland)
was given to the animals at the time of surgery and once more on
the following day.

Sleep Recording and Analysis

After surgery, rats were moved into cylindrical sleep recording
cages (Pinnacle Technologies) within individual acoustically-
isolated and Faraday-shielded chambers. Two days before
baseline sleep, the headmount was connected to the transmission
tether. Cages had corncob bedding as well as food and water
available ad libitum. Sleep was recorded for a 24-h baseline,
then recordings were begun at the start of sleep restriction
protocol (ZT6), in which rats were permitted 4 h of interrupted
sleep opportunity per 24 h. At the end of the fifth 20-h sleep
disruption session, rats were unplugged from their EEG/EMG
tethers for social defeat (see below). Upon return to home
cages, sleep recording resumed for 24 h (ZT7-ZT7) until rats
were unplugged from their EEG/EMG tethers for evaluation in
the object location memory (OLM) test. Data were collected
using Pinnacle Acquisition software (Pinnacle Technologies),
then scored as non-rapid eye movement sleep (NREM), rapid eye
movement sleep (REM), or wake in 10 s epochs using machine
learning-assisted sleep scoring program as described previously
(Gao et al., 2016).

The initiation of a bout of NREM, REM, or wake was defined
by the occurrence of two consecutive epochs of NREM, REM, or
wake (respectively). A bout was terminated when two consecutive
epochs failed to match the state of that bout. For example,
a NREM sleep bout was initiated by two consecutive NREM
epochs and was terminated when two consecutive non-NREM
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epochs occurred. A brief arousal was defined as a single epoch
of wake within a sleep bout. The delta power band was defined
as 0.5-4 Hz, theta as 4-8 Hz, alpha as 8-11 Hz, sigma as 11-
15 Hz, and beta as 15-30 Hz. Relative power was calculated as
the raw power (jLV?) in a particular band divided by the total
power in all bands.

Sleep Disruption Protocol

After baseline sleep recordings, half of the rats were tested in the
sleep disruption protocol. Sleep disruption was achieved using
a commercially available system integrated into the chambers
(Pinnacle Technologies), which simulates the gentle handling
technique via a rotating metal bar (22 cm in length) attached
to a post at the center of the cage. For sleep disruption days,
the rotation speed of the bar was set at seven rotations per
minute with reversals of rotation direction (i.e., clockwise vs.
counterclockwise) set to occur at semi-random intervals of
10 £ 10 s. The bar was programmed to rotate for 20 h per
day (ZT6-ZT2) and was stationary for 4 h per day (ZT2-
ZT6), for 5 days total. Experimenters visually inspected rats
at regular intervals during the sleep disruption windows to
ensure that the bar mechanism was functioning properly and
that the sleep-disrupted rats were awake. Control animals were
placed in identical cages with bars that remained stationary
throughout the experiment.

Social Defeat Protocol

Male Long Evans rats were singly housed in large
(44 cm x 24 cm X 21 cm) polycarbonate cages and screened for
aggressive behavior before the experiment. Rats that began to
injure their opponents by harmful bites during screening were
not used for the social defeat procedure. On the day of the acute
social defeat stress exposure, half of the experimental rats were
introduced into the cage of an aggressor (testing done at ~ZT6).
As soon as the aggressor rat attacked and defeated the intruder
rat, the intruder was covered with a 25 cm x 15 cm x 15 cm
metal mesh cage while still inside the aggressor cage and left in
place for 1 h. Control animals not receiving social defeat were
unplugged from the recording tether and placed in a clean cage
in a quiet room.

Object Location Memory Task

The object location memory (OLM) task is a hippocampal-
dependent memory task (Murai et al., 2007) that is sensitive to
stress exposure (Cazakoff et al., 2010; Howland and Cazakoff,
2010). All rats underwent testing in the OLM task the day after
social defeat, beginning at ZT7. Rats were placed in a dimly lit
(~50 lux) 53 cm x 53 cm x 30 cm arena with no objects and
allowed to explore for 5 min. Approximately 30-40 min later,
they were returned to the chamber, this time containing two
identical cylindrical objects (100 mL pyrex bottles with caps) on
the same side of the arena. Rats were allowed to explore the arena
for 5 min and after 90 min in their home cage were allowed
to explore the arena again, with one object moved. Exploration
of the moved object for longer than the non-moved object
is considered evidence of successful acquisition of contextual
memory (Murai et al., 2007). This is denoted by a “location

index” expressed as a percentage of time [100 X (time exploring
moved object/total time exploring either object)], with values
significantly greater than 50% representing evidence of retained
contextual memory (Ennaceur et al., 1997). In this experiment,
location index was quantified during the 5 min of the testing
session. LimeLight (Actimetrics, Wilmette, IL, United States)
behavioral software was used to track the path of locomotor
activity of each animal within the open field over time. De-
identified video files were scored by two experimenters and
average location indices were reported.

Fecal Sample Collection

Fecal samples were collected at four timepoints: (T1) the day
of arrival; (T2) one to 2 days before surgery (4 weeks on diet);
(T3) at baseline sleep (6 weeks on diet); and (T4) at the end
of the experiment (see Figure 1A). Each collection occurred on
days where clean cages were provided, so rats were placed into
a clean chamber with fresh bedding and food and monitored
closely until at least two fresh fecal pellets from each cage
were collected. Only spontaneously voided pellets were collected.
Samples were placed into individual 1.5 mL microfuge tubes,
and frozen at —80°C until microbiome and metabolome analysis,
at which point one sample from each animal (or two from
each cage for timepoints T1 and T2) was cut in half. One half
was used for fecal microbiome analysis and the other half was
used for fecal metabolome analysis. At each collection timepoint,
duplicate samples of bedding, water, food, and blank tubes
were also collected.

Microbiome Analysis
To evaluate the impact of the prebiotic diet on the microbiome
and to assess for correlations between our primary outcome
of interest, the response to sleep disruption, and changes to
the microbiome, 16S rRNA gene sequencing was used on a
total of 334 fecal and 63 environmental samples. DNA was
extracted from fecal samples and the V4 region of the 16S
rRNA gene was amplified using the 515{/806rB primer pair
with the barcode on the forward read (Apprill et al, 2015)
and sequenced as previously described (Caporaso et al., 2012)
using an Illumina MiSeq. Sequence data were processed using
Deblur v1.1.0 (Amir et al., 2017), trimming to 150 nucleotides
to create sub-operational-taxonomic-units (sOTUs). These were
then inserted into the Greengenes 13_8 (Mcdonald et al., 2012)
99% reference tree using SATe-enabled Phylogenetic Placement
(SEPP) (Mirarab et al, 2012). SEPP uses a simultaneous
alignment and tree estimation strategy (Liu et al., 2009) to identify
placements for sequence fragments within an existing phylogeny
and alignment. Taxonomy was assigned using an implementation
of the Ribosomal Database Project (RDP) classifier (Wang
et al, 2007) as implemented in QIIME2 (Caporaso et al,
2010). Microbiome data were generally analyzed using the Qiita
(Gonzalez et al.,, 2018) and Quantitative Insights Into Microbial
Ecology 2 (QIIME2, version 2018.4) bioinformatics software
packages (Caporaso et al., 2010; Bolyen et al., 2019).

Microbial diversity analysis was performed at a rarefied depth
of 9,000 reads, resulting in the removal of 21 fecal samples
that did not have 9,000 reads. Beta diversity, which measures
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microbial similarity and dissimilarity between populations of
samples, was assessed using weighted and unweighted UniFrac
distance matrices as previously described (Lozupone et al,
2011). These matrices were used to generate principal coordinate
analysis (PCoA) plots and to perform permutational multivariate
analysis of variance (PERMANOVA) in QIIME2. Alpha diversity,
which measures microbial taxonomic richness and evenness
within a single sample, was calculated using scikit-bio 0.5.1
as implemented by QIIME2. Relative differential abundance
was assessed at the OTU, genus, and species levels using
analysis of the composition of microbiomes (ANCOM) (Mandal
et al., 2015) as implemented in QIIME2. Count numbers of a
taxon of interest were centered log ratio transformed in order
to perform correlational analysis with physiological variables
(Gloor et al., 2017).

PICRUSt2 Analysis of 16S rRNA Gene
Data

We inferred the microbial gene content from the taxa
abundance using the software package Phylogenetic Investigation
of Communities by Reconstruction of Unobserved States
(PICRUSt2'; v2.1.4-b) (Langille et al., 2013). This tool allows
assessment of functional capacity of a microbiome using 16S
rRNA gene sequencing data. To identify differentially abundant
functional pathways and enzymes, DESeq2 (version 1.14.1) was
performed using the Bioconductor R package in RStudio (version
1.2.1335, RStudio Inc.).

Metabolome Analysis
A total of 334 fecal and 63 environmental samples were
processed for fecal metabolome analyses. A clean stainless-steel
bead (Qiagen Catalog# 69989) and 1.5 mL chilled extraction
solvent (50% MeOH) was added to each sample. The samples
were then homogenized for five min at 25 Hz using a
TissueLyser II system (Qiagen Catalog# 85300) and allowed to
incubate for 20 min at —20°C. The fecal homogenates were
then centrifuged at 14,000 rpm for 15 min at 4°C. 1.2 mL
aliquots were then transferred into Nunc 2.0 mL DeepWell
plate (Thermo Catalog# 278743) and frozen at —80 °C prior
to lyophilization using a FreeZone 4.5 L Benchtop Freeze
Dryer with Centrivap Concentrator (Labconco). Wells were
resuspended with 200 L of resuspension solvent (50% MeOH
spiked with 2.0 M sulfadimethoxine), vortexed for 30 s,
and centrifuged at 2,000 rpm for 15 min at 4°C. 150 pL
of the supernatant was transferred into a 96-well plate and
maintained at 4°C prior to LC-MS analysis. A resuspension
solvent QC and a six standard mix QC (50% MeOH spiked
with 1.0 puM sulfamethazine, 1.0 WM sulfamethizole, 1.0 pM
sulfachloropyridazine, 1.0 wM amitriptyline, and 1.0 pM
coumarin 314) was run every 12th sample to assess sample
background, carry over, chromatography behavior, peak picking,
and plate effects.

Fecal extracts were analyzed using an ultra-high performance
liquid chromatography system (Vanquish, Thermo) coupled

Uhttps://github.com/picrust/picrust2

to a hybrid quadrupole-Orbitrap mass spectrometer (Q-
Exactive, Thermo) fitted with a HESI probe. Reverse phase
chromatographic separation was achieved using a Kinetex C18
1.7 wm, 100 A4, 50 x 2.1 mm column (Phenomenex) held
at 40 °C with a flow rate of 0.5 mL/min. 5.0 pL aliquots were
injected per sample/QC. The mobile phase used was (A) 0.1%
formic acid in water and (B) 0.1% formic acid in acetonitrile.
The elution gradient was: 5.0% B for 1 min, increased to 100%
B in the next 8 min, held at 100% B for 2 min, returned to
5.0% B in 0.5 min, equilibrated at 5.0% B for 2 min. Positive
electrospray ionization parameters were: sheath gas flow rate of
52 (arb. units), aux gas flow rate of 14 (arb. units), sweep gas
flow rate of 3 (arb. units), spray voltage of 3.5 kV, capillary
temperature of 270 °C, S-Lens RF level of 50 (arb. units), and
aux gas heater temperature of 435 °C. Negative electrospray
ionization parameters were: sheath gas flow rate of 52 (arb. units),
aux gas flow rate of 14 (arb. units), sweep gas flow rate of 3
(arb. units), spray voltage of 2.5 kV, capillary temperature of
270 °C, S-Lens RF level of 50 (arb. units), and aux gas heater
temperature of 435 °C. MS data were acquired using a data
dependent acquisition method with a resolution of 35,000 in
MS! and 17,000 in MS?. An MS! scan from 100-1,500 m/z
was followed by an MS? scan, produced by collision induced
disassociation, of the five most abundant ions from the prior
MS! scan.

The orbitrap files (.raw) were exported to mzXML files using
MSConvert (Chambers et al., 2012). Feature detection of the MS!
data was performed using MZmine2 (Pluskal et al., 2010).

The resultant feature tables contained 12,570 features
(fecal). Feature tables were also generated for samples of
the control and prebiotic diets, containing 2,379 features.
All these features were removed from the fecal feature table,
resulting in a table of 10,229 non-dietary fecal metabolites.
To annotate features with a metabolome standard initiative
(MSI) level 1 level of confidence, mass and retention
time were aligned and MS/MS fragmentation pattern
was compared between features and 20 purified bile acid
reference standards. Annotated features were normalized to
an internal standard followed by a row sum (total bile acid ion
count) normalization.

Statistical Analyses and Software

All graphs depict the mean + SEM unless otherwise stated. Initial
analysis of sleep data used in this study revealed that while
8/8 variables passed heteroscedasticity testing, only 4/8 passed
multiple normality tests. Therefore, we elected to use either non-
parametric testing or statistical approaches like mixed effects
modeling that have been shown to be fairly robust in the setting of
mild-moderate violations of assumptions (Schielzeth et al., 2020;
Knief and Forstmeier, 2021). All PCoA plots (Supplementary
Figure 1) were generated using the EMPeror visualization
tool as implemented in QIIME2 (Vazquez-Baeza et al., 2013).
Microbiome data processing and analysis, including microbiome
PERMANOVA, were performed in QIIME2 as outlined above.
Wilcoxon Rank-Sum tests and linear mixed effect modeling
of metabolome data with Benjamini-Hochberg correction for
multiple comparisons (Table 1), linear mixed effect modeling
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genes and metabolic pathways based on the 16S rRNA gene data. DESEq2 was performed at each timepoint to identify differentially abundant (G) genes, and (H)
pathways due to diet. (I) A Venn diagram depicting the number of differentially abundant pathways present at each timepoint. Data are mean + SEM. Symbols:
*differentially abundant at that timepoint via ANCOM. ANCOM, analysis of the composition of microbiomes; OTU, operational taxonomic unit. n = 33-45/group.
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of body weight data (Supplementary Figure 3), DESeq2
analysis with Benjamini-Hochberg adjustment of PICRUSt2 data
(Supplementary Figure 2), and microbe/metabolite Spearman
correlation networking (Figure 7) were performed or generated
in RStudio (version 1.2.1335, RStudio Inc., Boston, MA,
United States). In order to account for the factorial design of
the study and to allow interaction terms while also using a
non-parametric test, aligned rank transform ANOVA (Conover

and Iman, 1981; Wobbrock et al., 2011) was used in lieu
of a regular 2-Way ANOVA to analyze post-sleep disruption
sleep (Figure 5). Mixed-effects models with Bonferroni or
Benjamini-Hochberg post hoc testing for alpha diversity data
(Supplementary Figure 1), baseline sleep data (Figure 3), during
sleep-disruption sleep data (Figure 4), as well as Spearman
correlations of sleep/microbiome data (Figure 6), along with
generation of all other graphs/figures, were performed using
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GraphPad PRISM (version 9.2.0; GraphPad Inc., San Diego,
CA, United States).

RESULTS

The Prebiotic Diet Alters the Structure

and Function of the Fecal Microbiome

We first sought to characterize the effect of the prebiotic diet
on the fecal microbiome over time. Rats arrived at postnatal
day 23, at which time a baseline fecal sample was collected
(timepoint T1). Samples were also collected at the start of the
fourth week on diet (T2), the sixth week on diet (T3), and
at the end of the experiment, corresponding to the seventh
week on diet (T4, see Figure 1), and processed for 16S rRNA
gene microbiome analysis. Unweighted and weighted UniFrac
revealed significant differences in microbial community structure
due to the diet at T2, T3, and T4 (Supplementary Figures 1A,B).
This was accompanied by a reduction in alpha diversity in the
prebiotic diet-fed rats compared to control diet-fed rats. Both
Faith’s phylogenetic diversity (Supplementary Figure 1C) and
the total number of observed OTU (Supplementary Figure 1D)
were reduced at T2 and T3 in the prebiotic diet group compared
to control, but this difference was no longer present at T4.
Furthermore, Pielou’s evenness was not affected by diet condition
throughout the experiment (Supplementary Figure 1E).

To characterize prebiotic diet-induced changes to the
microbiome, we performed ANCOM at each timepoint to
determine differentially abundant taxa. At the OTU level,
ANCOM detected zero differentially abundant features at T1, 55
differentially abundant OTUs at T2, 32 differentially abundant
OTUs at T3, and 30 differentially abundant OTUs at T4
(Figure 2A). Because 16S rRNA gene microbiome analysis is
generally more reliable at accurate taxonomic prediction at the
genus level than the species level (Gilbert et al., 2018; Knight
et al, 2018), we then performed ANCOM on features that
had taxonomic assignment at the genus level. We found four
genera to be differentially abundant due to diet at one or more
timepoints (Figures 2B-E).

Ruminococcus was increased at T2 in the prebiotic diet
group, but not at the other timepoints (Figure 2B). The genus
Coprobacillus was also increased due to the prebiotic diet, but
only at T3 and T4 (Figure 2C). Conversely, an unknown genus
within the order Bacteroidales was lower compared to control
diet-fed rats at T2, T3, and T4 (Figure 2D). Interestingly, the
genus Parabacteroides was greatly increased at all non-baseline
timepoints, by a factor of 6.5 at T2, a factor of 7 at T3, and a
factor of 5 at T4 (Figure 2E). Due to the particularly marked
increase in genus Parabacteroides due to the diet, and the fact
that there is a growing body of literature describing the role
of a particular species within Parabacteroides (Parabacteroides
distasonis) in host physiology (Lathrop et al., 2011; Dziarski et al.,
2016; Valles-Colomer et al., 2019; Wang et al., 2019), we then
performed ANCOM again at each timepoint at the species level
to investigate whether P. distasonis was the driving factor behind
the increase in genus Parabacteroides. Indeed, we found that
P. distasonis was the dominant species within the genus, and

that it was significantly increased at T2, T3, and T4 (Figure 2F).
There were 26 OTUs that were assigned to P. distasonis, and the
average confidence score of the assignments was 0.9755 (95%
CI: 0.9459-1.005).

In order to assess whether the diet changed the function
of the microbiome, we performed PICRUSt2 (Langille et al.,
2013), which uses taxonomy based on 16S rRNA gene data to
predict potential functional gene content of the microbiome
based on reference sequences of each taxa. Then, we used
DESEq2 to identify differentially abundant genes and pathways
due to diet at each timepoint. We found that, using an FDR
cutoft of 0.1, there were 1,114 differentially abundant genes (525
increased, 589 decreased) due to diet at T2, 882 differentially
abundant genes (387 increased, 495 decreased) at T3, and 250
differentially abundant genes (134 increased, 216 decreased) at
T4 (Figure 2G). Altered pathways followed a similar pattern,
with 243 differentially abundant pathways (113 increased, 130
decreased) at T2, 160 differentially abundant pathways (73
increased, 87 decreased) at T3, and 22 differentially abundant
pathways (11 increased, 11 decreased) at T4 (Figure 2H).

More than half of the differentially abundant pathways at
T2 and T3 overlapped (144/257; Figure 2I). However, only 8
pathways were differentially abundant due to prebiotic diet at all
three timepoints (Figure 2I and Supplementary Figure 2). The
abundance of two pathways involved in lipopolysaccharide (LPS)
synthesis were significantly increased with prebiotic diet, and two
pathways relating to metabolism of exogenous molecules such
as aromatic amines and nitrates were decreased due to prebiotic
diet at all timepoints (Supplementary Figure 2). Furthermore,
three pathways involved in sugar metabolism were altered at all
time points due to the prebiotic diet (Supplementary Figure 2).
Finally, abundance of a pathway involved in pyrimidine
deoxyribonucleotides de novo biosynthesis was increased due to
prebiotic diet at all three timepoints (Supplementary Figure 2).
Together, these results indicate that the GOS/PDX prebiotic diet
had a strong impact on the structure and function of fecal
microbiome throughout the experiment, which was characterized
by a 5-7-fold increase in the bacterium P. distasonis.

The Prebiotic Diet Does Not Alter

Baseline Sleep

Baseline sleep was assessed using EEG/EMG recording before the
sleep disruption protocol (see Methods, Figure 1). We did not
observe an effect of 4 weeks exposure to the prebiotic diet on
NREM sleep (Figure 3A), NREM EEG delta power (Figure 3B),
REM sleep (Figure 3C), or brief arousals (a measure of sleep
fragmentation, Figure 3D). These measures were significantly
impacted by time of day, demonstrating the circadian rhythm of
these sleep parameters.

The Prebiotic Diet Alters Sleep During
and After Sleep Disruption

We measured sleep during the sleep disruption protocol to
validate the efficacy of the motorized sleep disruption unit and
to examine whether the prebiotic diet influenced the response to
sleep restriction. As expected, we found that the sleep disruption
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sleep-disrupted (with no social defeat) groups. Aligned rank transform ANOVA testing for an effect of diet, sleep disruption, and interaction was performed for each
measure, and significant or near significant results are reported in the figure. Data are mean + SEM. Symbols: ***o < 0.001, *p < 0.05, Bonferroni's post hoc test. @
p < 0.001 vs both control diet, ad libitum sleep and prebiotic diet, ad libitum sleep groups, Bonferroni’s post hoc test. Con, control diet; NREM, non-rapid eye
movement sleep; Pre, prebiotic diet; REM, rapid eye movement sleep; SD, sleep disruption. n = 8-10/group.

protocol significantly reduced NREM sleep on all days of the sleep
disruption protocol (Figure 4A), and nearly completely deprived
rats of REM sleep, particularly on the first 3 days of the protocol
(Figure 4B). The sleep disruption protocol appeared to become
slightly less effective over time, as the amount of NREM and
REM sleep obtained during the 20 h of sleep disruption increased
over time in both groups (Figure 4). Interestingly, this process
occurred more quickly in the prebiotic diet-fed rats: on days 2-4
of the sleep disruption protocol, rats in the prebiotic diet group
obtained more NREM sleep during the 20-h sleep disruption
period than in the control diet-fed rats (Figure 4A). The prebiotic
diet-fed rats also obtained more REM sleep during the protocol
than control diet-fed rats on days 4 and 5 (Figure 4B).

To assess the effect of the prebiotic diet on recovery from
the 5-day sleep disruption protocol, we examined the first

24 h of recovery sleep, which began after completion of the
1-h acute social defeat stress exposure in the experimental
groups or an equivalent amount of time in a clean cage in
the control groups. Whereas there was no difference in total
sleep due to sleep disruption in the control diet-fed rats,
there was a significant increase in total sleep in the prebiotic
diet-fed, sleep-disrupted rats compared to prebiotic diet-fed
controls (Figure 5A). However, NREM delta power, a well-
accepted measure of sleep intensity and sleep homeostatic
drive (Meerlo et al., 2001; Kamphuis et al., 2015), was
not changed in any group (Figure 5B). Examination of
NREM sleep architecture revealed that the sleep deprived,
prebiotic diet-fed rats had a trend for more NREM than non-
sleep disrupted, prebiotic diet-fed rats (Figure 5C), and that
this NREM sleep was more consolidated into longer bouts
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FIGURE 6 | Parabacteroides distasonis relative abundance is associated with multiple measures of post-sleep disruption recovery sleep. Spearman’s rank-based
correlation analysis between the centered log ratio transformed abundance of P, distasonis at the end of the experiment (T4) and various measures of recovery sleep
post-sleep disruption was performed within diet group for control (no sleep disruption, no social defeat) and sleep disruption only groups. Results for (A) total sleep,
(B) NREM delta power, (C) NREM percent, (D) median NREM bout duration, (E) NREM bouts per 24 h, (F) REM percent, (G), median REM bout duration, and
(H) REM bouts per 24 h are depicted above. Con, control diet; clr, centered log ratio; Pre, prebiotic diet; NREM, non-rapid-eye movement sleep, REM, rapid-eye
movement sleep. n = 6-9/group.

(Figures 5D,E). REM sleep was significantly increased during
recovery in both the control diet-fed and prebiotic diet-fed
groups, and this increase was due to an increase in the
number of bouts without an increase in median bout length
(Figures 5F-H). Thus, the prebiotic diet increased total amount
of recovery sleep as compared to non-sleep disrupted animals,
and promoted consolidation of recovery NREM sleep after
repeated sleep disruption.

We also sought to assess the physiological impact of the sleep
disruption protocol. We regularly weighed the rats throughout
the experiment and found no overall effect of diet or social
defeat stress on body weight (Supplementary Figure 3). Though
the sleep disruption protocol did not cause a reduction in
body weight, it did reduce the rate of weight gain as indicated
by an overall effect of sleep disruption on body weight, as
well as a sleep disruption by time interaction (Supplementary

Figure 3), consistent with prior studies demonstrating increased
energy expenditure in the setting of sleep restriction (Mchill and
Wright, 2017). The prebiotic diet did not ameliorate this effect.
We investigated whether repeated sleep disruption impacted
stress-induced changes in performance in the OLM task. At
the end of the sleep disruption protocol, half of the rats were
exposed to 1 h of social defeat stress, while the other half were
transferred to a quiet room for 1 h (see Methods). Twenty-
four hours later, all animals were subjected to an OLM task in
which a location index significantly above 50% is considered to
indicate recognition of the moved object and retained contextual
memory (see Methods). In control diet-fed rats, groups exposed
to the social defeat stressor did not achieve significantly greater
than 50% location index, although the mean location index
for these groups was overall similar to non-stressed groups
(Supplementary Figure 4). In contrast, all prebiotic diet-fed
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TABLE 1 | Fecal bile acids across the experiment.

Effect of diet Effect of diet Effect of diet Effect of sleep disruption Effect of social defeat
T2 T3 T4

Bile Acid Padj Fold Change p,4i FoldChange p,q Fold Change p,g; Fold Change Padj Fold Change
Chenodeoxycholic 0.047 —0.041 0.787 0.008 0.727 0.027 0.049 —0.081 0.954 8.58E-05
Cholic 0.399 0.219 0.787 3.903 0.965 0.161 0.711 0.603 0.770 1.863
Deoxycholic 0.047 —0.041 0.787 0.008 0.727 0.027 0.049 —0.081 0.954 8.55E-05
Glycochenodeoxycholic  0.399 —0.076 0.787 0.358 0.619 0.911 0.711 —0.359 0.954 0.222
Glycocholic 0.399 0.668 0.787 0.442 0.965 —-0.176 0.204 1.596 0.954 —0.101
Glycodeoxycholic 0.678 —0.012 0.787 0.128 0.619 0.601 0.578 —-0.313 0.954 0.129
Glycohyocholic 0.908 0.271 0.787 2.434 0.965 0.180 0.862 0.150 0.960 0.002
Glycolithocholic 0.399 —0.512 0.787 0.178 0.965 0.122 0.711 0.770 0.770 2.245
Glycoursodeoxycholic 0.209 0.256 0.950 —-0.112 0.965 —0.038 0.965 0.063 0.954 0.029
Lithocholic 0.0004 —0.222 0.787 0.130 0.965 0.041 0.197 0.197 0.954 —0.082
Muricholic 0.414 0.182 0.787 3.803 0.965 0.129 0.711 0.645 0.770 1.876
Muricholic_alpha 0.0003 0.487 0.787 —0.021 0.965 —0.074 0.711 0.113 0.954 0.056
Muricholic_beta 0.244 0.234 0.279 —0.387 0.213 —0.398 0.197 0.511 0.954 —0.106
Taurochenodeoxycholic  0.010 2.739 0.787 0.319 0.904 —-0.216 0.981 0.017 0.954 0.063
Taurocholic 0.179 0.481 0.787 0.155 0.727 0.883 0.981 —0.044 0.954 0.690
Taurodeoxycholic 0.010 3.12 0.787 0.341 0.849 —0.240 0.981 0.035 0.954 0.140
Taurohyocholic 0.742 0.430 0.787 —0.073 0.213 —0.364 0.197 0.471 0.954 0.004
Taurohyodeoxycholic 0.069 1.408 0.787 —0.051 0.727 —-0.187 0.197 0.385 0.954 —0.013
Taurolithocholic 0.908 0.130 0.682 3.060 0.965 -0.019 0.711 0.240 0.954 0.059
Ursodeoxycholic 0.177 —0.106 0.962 —0.020 0.965 0.067 0.981 —0.035 0.770 —0.104

Fecal samples were collected after 4 weeks on diet (T2), at baseline sleep (T3), and at the end of the experiment (T4), and untargeted LC/MS/MS

metabolomics were performed.
Twenty fecal bile acids were identified using purified standards.

The effects of diet, sleep disruption, and social defeat were assessed using Wilcoxon Rank-Sum testing (T2, T3) or linear mixed effects modeling (T4).
Adjusted p values (Benjamini-Hochberg correction) and fold change compared to control conditions are displayed below. Significant adjusted p values and their affiliated

fold changes are indicated in bold.

groups exhibited learning indices significantly greater than 50%
(Supplementary Figure 4).

Relative Abundance of Parabacteroides
distasonis Correlates With Recovery
Sleep

We next evaluated whether any of these prebiotic diet-induced
changes to sleep were associated with the observed changes in the
fecal microbiome. We focused on P. distasonis, as this bacterium
exhibited the most pronounced increase in relative abundance
in response to the prebiotic diet (Figure 2), and which has
been shown in prior studies to be beneficial to host physiology
(Lathrop et al,, 2011; Wang et al., 2019; Thompson et al., 2021).
Mean-centered log ratio (clr) transformation was then performed
to convert P. distasonis relative abundance data to a suitable
form for correlational analysis with physiological data, as relative
abundances are susceptible to spurious correlations because they
are compositional, such that the relative abundances within a
single sample sum to one. Using clr transformation has been
shown to at least partially ameliorate this problem (Gloor et al.,
2017). Using this approach, we found that the clIr transformed
abundance of P. distasonis at T4 correlated positively with total
sleep during the first 24 h of recovery sleep after sleep disruption
in prebiotic diet-fed rats but correlated negatively with recovery

sleep in control diet-fed rats (Figure 6A). P. distasonis also
positively correlated with REM sleep and the number of REM
bouts during recovery sleep (Figures 6F,H) in prebiotic diet-
fed rats, both of which were altered by sleep disruption but
not by the prebiotic diet (see Figure 5). P. distasonis did not
significantly correlate with NREM delta power (Figure 6B),
NREM parameters (Figures 6C-E), or median REM bout
duration (Figure 6G).

The Prebiotic Diet Alters the Fecal Bile
Acid Pool

A proposed mechanism by which intestinal bacteria may
influence host physiology is by generation of microbially-
modified metabolites including those originating from dietary
sources and host bile acids (Furusawa et al., 2013; De Vadder et al.,
2014; Kuipers et al., 2014; Govindarajan et al., 2016; Stilling et al.,
2016; Yanguas-Casas et al., 2017). Interestingly, a recent study
of P. distasonis demonstrated that it exerts metabolic benefits in
part via secondary bile acid production (Wang et al., 2019). We
therefore evaluated the impact of the prebiotic diet on the fecal
metabolome, and specifically on the bile acid pool, by performing
untargeted LC/MS/MS mass spectrometry on fecal samples taken
throughout the experimental protocol. We identified 20 different
unconjugated and conjugated primary and secondary bile acids
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within the final feature tables using purified standards and
investigated whether the diet altered levels of these bile acids at
T2, T3, or T4 (Table 1). We found that at T2 (4 weeks on diet)
there were six bile acids that were significantly altered due to diet
after correcting for multiple comparisons. The primary bile acid
muricholic acid was decreased, while another primary bile acid
chenodeoxycholic acid was increased (Table 1). The conjugated
primary bile acid taurochenodeoxycholic acid was also increased.
Secondary bile acids deoxycholic acid and lithocholic acid were
lower in the prebiotic diet group, and the conjugated secondary
bile acid taurodeoxycholic acid was significantly increased in
the prebiotic group. A number of these changes are consistent
with our prior observations from independent experiments at

a separate facility (Thompson et al., 2021). These diet effects
were no longer present at T3 or T4 (Table 1). There was
an overall effect of sleep disruption on the primary bile acid
chenodeoxycholic acid and the secondary bile acid deoxycholic
acid, but no other bile acids were affected by sleep disruption, and
none of the 20 identified bile acids were impacted by social defeat
stress exposure (Table 1).

To investigate whether the microbes we found to be most
affected by the prebiotic diet were related to the fecal bile
acid pool, we performed pairwise Spearman correlations of
clr transformed abundances of P. distasonsis, Ruminococcus,
Coprobacillus, and the unknown order within Bacteroidales (see
Figure 2) with the normalized abundances of the 20 identified
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bile acids at T3 (time of baseline sleep). The resultant network
(Figure 7) of significant (¢ < 0.05) correlations revealed a
tightly covarying network of primary and secondary bile acids,
such that P. distasonis, Ruminococcus, and the unknown order
within Bacteroidales all correlated with at least one bile acid,
thus integrating the observed microbial changes with the detected
alterations in the fecal bile acid pool.

DISCUSSION

In this study, we tested the hypothesis that dietary
supplementation with the prebiotics GOS and PDX improves
sleep in response to repeated sleep restriction in adult male
rats. We demonstrate a significant impact on our primary
outcome measure, demonstrating that the prebiotic diet leads to
significant increases in sleep during both the sleep restriction and
recovery sleep phases of the experimental protocol. In addition,
as expected, the prebiotic diet exerts a significant and stable
effect on the structure and predicted function of the microbiome
(Figure 2). The impact on the microbiome is most prominent at
time point 2 (T2), which occurred prior to the sleep restriction
and acute stress exposure portions of the protocol and represents
the effect of 4 weeks of the dietary intervention.

Alpha diversity was decreased in the animals exposed to
the prebiotic diet, particularly at T2 and T3 (Supplementary
Figure 1). Increases in diversity are generally thought beneficial
as decreased diversity has been associated with adverse
physiologic states such as stress exposure (Bharwani et al., 2016;
Thompson et al., 2016) and diseases such as inflammatory bowel
disease (Nishino et al, 2018), whereas increased diversity is
presumed to represent a healthier and more resilient resident
microbial ecosystem. However, quantification of taxonomic
representation is agnostic to the physiological function of the
taxa that are tallied. Thus, it is possible that despite an overall
reduction in diversity, there is a relative increase in beneficial
bacteria accompanied by a larger decrease in detrimental and/or
neutral taxa, leading to a net positive physiologic status change
despite a lower total number of taxa. For example, a large
“bloom” of a beneficial species (such as P. distasonis, potentially)
induced by the prebiotic diet may suppress other bacteria
leading to an overall decrease in diversity. Recent published
examples are compatible with this hypothesis that a net positive
physiologic change can occur in the setting of decreased overall
diversity: in a study comparing healthy individuals to patients
with major depressive disorder, the healthy control subjects
exhibited a decrease in alpha diversity compared to those with
depression (Jiang et al., 2015); and in a study examining infants,
individuals with a lower alpha diversity at 1 year of age had
better performance on a validated learning scale at 2 years of
age compared to those with greater alpha diversity at age 1
(Carlson et al., 2018).

Looking beyond the structural changes to the microbiome,
further analysis demonstrates that multiple genes and pathways
are significantly altered by the prebiotic diet (Figure 2).
Of all pathways affected, a subset of eight are consistently
changed in the same direction at each time point. These eight

include pathways involved in LPS synthesis and the metabolism
of carbohydrates and exogenous molecules (Supplementary
Figure 2), suggesting that a major functional impact of the
prebiotic diet is the regulation of lipopolysaccharide synthesis
and of specific microbial metabolic pathways, which together may
contribute to the observed microbial structural as well as the host
physiologic changes induced by the prebiotic diet.

The largest dietary effects on the microbiome were seen at
T2, prior to the sleep restriction and stress exposure components
of the protocol, with overall lower numbers of differentially
affected taxa, genes, and pathways at T3 and T4 (Figure 2).
The reason for this pattern of changes is unclear, but may be
related to an evolving microbial ecosystem in flux in response
to prebiotic diet exposure. At T2, most notable among the many
significant changes is the dramatic rise in P. distasonis relative
abundance. We are aware of the limited resolution of taxonomic
assignment using 16S rRNA gene analysis, but we are confident
this taxonomic classification is accurate. Over time, the total
number of significantly altered taxa, genes, and pathways may
decrease as the microbial ecosystem moves toward a new “set
point,” perhaps explaining the fewer differential effects noted
at T3 and T4. Future work may help better characterize the
long-term complex microbial and metagenomic changes induced
by the prebiotic diet, as well as the time course and dynamics
of these changes.

The prebiotic diet does not impact baseline sleep (Figure 3)
but does lead to significant increases in NREM and REM sleep
during the sleep restriction protocol (Figure 4) and total sleep,
NREM sleep, and NREM bout duration during the sleep recovery
period (Figure 5). Thus, while the prebiotic diet did not impact
sleep at baseline, it enabled rats to get more sleep during the sleep
disruption protocol. Taken together, these results suggest that the
prebiotic diet enables animals to better handle the physiologic
challenge of experimental sleep restriction by improving their
ability to obtain sleep during active sleep restriction as well as
during the following recovery period.

The relative abundance of P. distasonis was found to positively
correlate with several sleep parameters in prebiotic diet-fed rats,
such as total sleep and REM sleep as well as total bouts of
REM sleep (Figure 6). This suggests that P. distasonis may
exert a particularly important role in mediating the sleep-
promoting effects of the prebiotic diet. Parabacteroides distasonis
is a commensal gram-negative bacterium that has previously
been shown to exert immunomodulating properties in the
intestine via induction of Tyegs (Lathrop et al,, 2011), ameliorate
metabolic dysfunction in a genetic model of obesity and in mice
fed a high-fat diet (Wang et al., 2019), help promote quicker
re-entrainment in response to circadian rhythm disruption
(Thompson et al, 2021), compensate for inadequate dietary
protein intake in a mouse model of malnourishment (Martin
et al, 2021), and contribute to resilience against metabolic,
behavioral, and neurocognitive responses to chronic restraint
stress (Deng et al., 2021).

In contrast to these beneficial effects associated with
P. distasonis, other studies have found adverse consequences,
such as increased susceptibility to dextran sodium sulfate-
induced colitis in mice treated with P. distasonis via oral gavage
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(Dziarski et al., 2016), exacerbation of disease phenotype in
a mouse genetic model of amyotrophic lateral sclerosis when
antibiotic-treated mice were supplemented with P. distasonis
(Blacher et al, 2019), and depressive-like behavior in a
genetically-induced mouse model of Crohn’s disease-like ileitis
(Gomez-Nguyen et al.,, 2021). These disparate findings suggest
that the impact of P. distasonis may be context-dependent,
strain-dependent, related to the underlying physiologic state of
the host, and/or dependent on the way in which P. distasonis
is augmented. For example, dietary prebiotic supplementation
to increase relative abundance in otherwise healthy mice may
yield different effects than those achieved by oral gavage or in
the setting of an otherwise healthy intestine as opposed to an
inflamed intestine or an intestine characterized by an altered
microbial ecosystem depleted by antibiotic exposure.

There are multiple possible mechanisms by which changes
to the intestinal microbiome may impact host physiologic
processes, including physical host-microbe interactions, bile acid
modification, production of metabolites, modulation of signaling
pathways, and immune regulation (Lavelle and Sokol, 2020; Sipe
et al,, 2020; Agus et al,, 2021). A particularly relevant possibility
is that changes to bile acids induced by secondary microbial
metabolism may then contribute to systemic physiologic effects
in the host. Our analysis of fecal bile acids demonstrates
consistent directional relationships between bacterial changes
induced by the prebiotic diet and alterations in the fecal bile
acid profiles, suggesting that, given the known functional capacity
of the involved bacterial taxa, the metagenomic changes to the
microbial ecosystem in response to the prebiotic diet are a
reasonable explanation for the observed bile acid changes.

There are several limitations to our study that are important
to consider. The study was performed on adult male rats, so
the applicability to other model systems and to humans may
be limited. Our experimental protocol incorporated exposures
to dietary intervention, sleep restriction, and acute social defeat
stress. Thus, the observed significant effects may be particular
to the types of experimental manipulation and/or sequence of
exposures, with different effects possible in other models or
experimental contexts. Similarly, our outcome measurements
related to the microbiome, fecal metabolome, and sleep, are
limited to specific timepoints. These static “snapshots” of time
during the protocol may not completely capture or characterize
evolving physiologic processes related to the regulation of sleep
and the gut microbial ecosystem that may not have yet reached
equilibrium at the time of measurement or sample collection. The
links between sleep parameters and changes to the microbiota
and fecal metabolites described here are inherently correlational
in nature, thus they are unable to reveal underlying causal
relationships or mechanisms of action. Statistical techniques
have been employed to infer information about the relationships
described, but the analyses used here are ultimately limited, with
the capability of identifying hypotheses and future experiments
necessary to parse the biological mechanisms driving the
observed effects.

Despite these limitations, our finding of a prebiotic diet
capable of enhancing resilience to sleep disruption offers a unique
opportunity to combat the common and adverse consequences

of sleep deprivation by utilizing a dietary strategy to promote
sleep via enhancement of the microbiome. Future work should
delineate the causal relationships and underlying mechanisms
driving the effects of the prebiotic diet on the microbiome,
the fecal metabolome, and the regulation of sleep, in order to
identify more precise therapeutic targets. In addition, further
work should examine the role of prebiotic diet supplementation
in other model systems and in other physiologically challenging
states associated with insufficient or poor sleep, to investigate
the replicability and generalizability of the prebiotic diets sleep-
promoting effects.
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Supplementary Figure 1 | The Prebiotic Diet Causes Changes to Fecal
Microbiome Beta and Alpha Diversity. Fecal samples were collected on the day of
arrival to the facility (T1), after 4 weeks on diet (T2), at baseline sleep (T3), and at
the end of the experiment (T4). 16S rRNA gene microbiome sequencing and
analyses were performed. PERMANOVA testing for an effect of diet was
performed at each timepoint, and PCoA depicting (A) unweighted UniFrac and (B)
weighted UniFrac analysis of beta diversity, with one axis representing timepoint,
are reported. Alpha diversity was measured at each timepoint using (C) Faith’s
phylogenetic diversity index, (D) the total number of OTU, and (E) Pielou evenness
metric. Mixed-effect modeling testing for an effect of timepoint, diet, and
interactions was performed for each dependent variable, and significant results
are reported in the figure. Data are mean 4+ SEM. Symbols: (A,B) ***p < 0.001,
**p < 0.01, PERMANOVA; (C-E) **p < 0.01, *p < 0.05, Bonferroni post hoc.
Abbreviations: OTU, operational taxonomic unit; PC, principal coordinate.

n = 33-45/group.

Supplementary Figure 2 | Predicted Microbial Metabolic Pathways Altered by
the Prebiotic Diet. Fecal samples were collected after 4 weeks on diet (T2), at
baseline sleep (T3), and at the end of the experiment (T4). 16S rRNA gene
microbiome sequencing and analyses were performed. PICRUSt2 was performed
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Gengqing Song?* and Yue Yu'2*
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and Hepatology, MetroHealth Medical Center, Case Western Reserve University, Cleveland, OH, United States

Objective: Sleep deficiency (SD) is commonly seen in patients with functional
constipation (FC). Our aim was to determine whether the presence of SD would
influence symptoms, anorectal motility, sensation, and autonomic function in FC
patients.

Materials and Methods: A total of 85 FC patients with SD and 193 FC patients without
SD underwent high-resolution anorectal manometry. SD was assessed by using the
Pittsburgh Sleep Quality Index (PSQI) score. Participants were required to fill in the
entire questionnaires, including Patients’ Constipation-symptoms, State-Trait Anxiety
Inventory, and Hamilton Depression Scale. Autonomic dysfunction was studied by
recording the heart rate variability. Multiple logistic regression was performed to explore
the potential risk factors for anorectal function.

Results: Functional constipation patients with SD had a higher total score of
constipation symptom (P < 0.001), in comparison with those without SD. FC patients
with SD demonstrated significantly lower threshold volume for first sensation (P < 0.001)
and urge (P < 0.001), as compared to those without SD. The PSQI score positively
correlated with constipation symptom total score (P < 0.001), and negatively correlated
with threshold volume for first sensation (P < 0.001) and urge (P < 0.001). FC patients
with SD had a reduced vagal activity (P = 0.016) and a higher sympathetic activity as
compared to those without SD (P = 0.003). Multivariate logistic regression revealed that
SD, anxiety and depression were independent risk factors for anorectal function, with
SD exhibiting the highest degree of association with first sensation (OR: 4.235).

Conclusion: Sleep deficiency is associated with worse constipation related
symptoms, altered anorectal function and perception, and impaired autonomic
function in FC patients.

Keywords: constipation, autonomic dysfunction, anorectal function, anxiety, depression, sleep deficiency
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INTRODUCTION

Sleep deficiency (SD) is defined as subjects not getting enough
sleep and/or sleeping at an inappropriate time of day (Hyun
et al,, 2019; Orr et al., 2020). SD is frequently associated with
disorders of gut-brain interaction (DGBI), such as irritable bowel
syndrome (IBS), functional dyspepsia, and chronic constipation
(Orr et al, 2020). SD is related to various gastrointestinal
symptoms, including abdominal pain, acid reflux, abdominal
distension, and belching (Hyun et al., 2019). Previous studies
have shown that lack of sleep is associated with an increased risk
of multiple gastrointestinal complaints and decreased quality of
life (Jiang et al., 2017; Orr et al., 2020). For example, DGBI is
associated with excessive daytime sleepiness in a study involving
3600 Chinese patients (Wu et al., 2017). Moreover, SD is directly
related to gastrointestinal dysfunction and symptoms (Chen
etal., 2011; Schurman et al., 2012). IBS patients with SD are found
to have anorectal dysfunction (Chen et al., 2011).

Although SD has been associated with DGBI, the relationship
of SD with anorectal function remains unclear due to conflicting
data in the literature. Several studies have indicated that SD
affects gastrointestinal motility in patients with DGBI. Park
et al. (2020) reported lower melatonin concentrations in sleep-
deprived mice compared to the control group. Furthermore,
the metagenomic analysis of microbiota indicated an abundance
of colitogenic microbiota in sleep-deprived mice. Therefore,
the authors concluded that intestinal dysbiosis could be
influenced by sleep deprivation, resulting in increased colitogenic
microbiota, which could aggravate colonic dysfunction. Haase
et al. (2015) found that basal colonic activity was suppressed
during both deep sleep and light sleep compared to nocturnal
wake periods via 3D-Transit system. Besides, suppressed
basal colonic activity was detected during both deep sleep
(P < 0.05) and light sleep (P < 0.05) when compared
with nocturnal wake periods. However, Liu et al. (2010,
2011) showed that SD did not affect anorectal function in
healthy subjects.

Sleep deprivation is closely related to autonomic dysfunction
(Tobaldini et al., 2017). It has been shown that autonomic
dysfunction is closely associated with the development of
functional constipation and enhancement of parasympathetic
activity could significantly improve symptoms of functional
constipation (FC) (Chen et al., 2018, 2021). Furthermore, pro-
inflammatory cytokines are released in the setting of acute
sleep deprivation, which might result in recurrent symptoms
in patients with inflammatory bowel disease and IBS (Axelsson
etal,,2013). SD is also linked to anorectal dysfunction and creates
some degree of rectal hyperalgesia in patients with IBS (Chen
et al., 2011). The interaction between SD and altered anorectal
function may be multi-factorial and needs further investigation.

Recent studies showed that patients with FC had significantly
lower sleep quality compared with patients with IBS (Chen et al.,
2020). However, the relationship between SD and its impact on
anorectal function remains largely unknown in patients with
FC. The aim of this study was to investigate the impact of
patient-reported SD on symptoms, anorectal function, and rectal
sensitivity in patients with FC.

MATERIALS AND METHODS

Patients

Patients who met the Rome IV diagnostic criteria (Drossman,
2016) for FC were recruited into the study at the Gastrointestinal
Motility Center, Department of Gastroenterology, the First
Affiliated Hospital of University of Science and Technology
of China (USTC), from November 2016 to January 2020.
The exclusion criteria were: severe cardiac and pulmonary
diseases, diabetes, chronic kidney disease, and other chronic
gastrointestinal disorders such as inflammatory bowel disease,
peptic ulcer disease, and cancer. Meanwhile, patients reporting
a chief complaint of abdominal pain were ruled out given that
abdominal pain inherently distinguishes FC with IBS-C (Ruffle
etal,, 2021). Our study excluded patients taking pain modulators
and patients with severe mental diseases, such as patients with
depression scores higher than 24, suggesting severe depression.
In particular, patients who were taking chronic opioids and non-
sleep aid medications that could potentially affect sleep quality
were excluded. These non-sleep aid medications include the
following: (i) antiasthmatic medications, such as aminophylline,
doxofylline, and ephedrine; (ii) antidepressants, such as
paroxetine, fluoxetine, and imipramine; (iii) antibiotics, such as
penicillin, macrolides, quinolones, and (iv) glucocorticoid.

A total of 326 FC patients were eligible for the study. Twelve
patients were excluded from the study due to incomplete data.
Thirty-six patients were also excluded based on the exclusion
criteria (14 patients who took medications that affect sleep
quality, 15 patients with diabetes, 4 patients with IBD, and
3 patients with colorectal cancer). Finally, a total of 278 FC
patients (114 males and 164 females) were included in this
study (Figure 1).

The study was approved by the Ethics Committee of Anhui
Provincial Hospital (Registration No: 2022-RE-143). The study
protocol was registered in the Chinese Clinical Trial Registry (No.
ChiCTR-2000037449). Written informed consent was obtained
from all participants before their enrollment into the study.

Experimental Protocol

This is a cross-sectional cohort study, and patients with FC
were divided into two groups based on the Pittsburgh Sleep
Quality Index (PSQI) scores: FC patients with SD (n = 85)
(PSQI scores > 5) and FC patients without SD (n = 193)
(PSQI scores < 5).

All participants were required to fill in the entire
questionnaires, including PSQI, Patients Constipation-
symptoms (PAC-SYM), State-Trait Anxiety Inventory (STAI),
and Hamilton Depression Scale (HAMD). All FC patients
underwent high resolution anorectal manometry (HRAM)
and received electrocardiogram (ECG) recording for heart rate
variability analysis.

Measurements

High Resolution Anorectal Manometry

All EC patients underwent HRAM (MedKinetic, Ningbo, China),
and the process of HRAM was described in our previous research
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Assessed for eligibility (n=326)

Eliminated due to incomplete

Complete data identified in
the database (n=314)

data(n=12)

Excluded(n=36)

Included in this study(n=278)

Take drugs that interfere with sleep(n=14)
Diabetes(n=15)

Inflammatory bowel disease(n=4)
Cancers(n=3)

FC patients with sleep
deficiency(n=85)

FC patients without sleep
deficiency(n=193)

FIGURE 1 | Flow chart of FC patient recruitment in this studly.

(Liu et al., 2020). Each patient received 1-2 doses of glycerin
enema for bowel preparation 30-60 min prior to the HRAM
test. Rectal enema is the preoperative preparation for anorectal
manometry, in order to avoid the residue of stool in anorectal,
which affects the acquisition of dynamic parameters. A water-
perfused anorectal manometric catheter was used to measure the
anal sphincter pressure at a 1-cm interval. The device employs the
technology of proprietary pressure transduction, which allows
every pressure-sensor element to sense pressure over a 2.5-mm
length in each of the twelve sectors that are dispersed radially.
Patients were placed in the left lateral position and the catheter
was inserted into the rectum after lubrication. Manometry
parameters, including average resting pressures, maximum and
sustained squeeze pressures, were analyzed by the manometry
software (Manometryapp, MedKinetic, Ningbo, China). The
pressure of the anal sphincter was examined during voluntary
effort, while the study participants were asked to squeeze the anus
for as long as possible to record squeeze pressures.

The threshold volume for rectoanal inhibitory reflexes (RAIR)
was examined through inflation of the balloon in a stepwise
manner to 10 ml, beginning at 10 ml until we observed relation
of the anal sphincter at a lower distension volume. The sensation
test was examined by the rectal balloon distended at a 10 ml
interval until the participant indicated the first sensation. After
that, we increased the volume of the balloon in progressive 10-ml
increments so that the participant felt the sensations of the urge

and the maximum urge to defecate. The results for inducing these
sensations were depended on the subjects’ report subjectively,
and the threshold volumes for this sensory test were documented.
Rectal compliance of every subject was calculated from the slope
of the volume-pressure curve, which was automatically analyzed
by the manometry software (Manometryapp, MedKinetic,
Ningbo, China) (Lee and Bharucha, 2016).

Questionnaires

The PSQI as a tool for diagnosing SD was employed to
assess the quality of sleep in the past month. The PSQI is
split into seven dimensions, namely, subjective sleep quality,
daytime dysfunction, sleep latency, use of sleep medication, sleep
duration, SD, and habitual sleep efficiency. Each dimension is
scored on a four-point Likert scale (0-3, from none to the most
profound effect). A total score of 5 or more suggests “SD.” The
PSQI has shown a specificity of 86.5 and 89.6% sensitivity using
this cutoff point (Chen et al., 2011; Liu et al., 2011).

The PAC-SYM questionnaire was used in the psychometric
assessment of patients with chronic constipation. This
questionnaire evaluated the severity of symptoms in patients
with FC. The survey included 12 items divided into 3 symptom
subscales, including rectal (3 items), stool (5 items), and
abdominal (3 items). The rectal domain collected information
about pain, burning, tearing, or bleeding during bowel
movements. The abdominal domain evaluated discomfort,
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bloating, pain, and stomach cramps. The stool domain was
categorized as hard, small, incomplete, straining, and difficult
bowel movement. The items of this scale were scored through
five-point Likert scales, ranging from 0 to 4. In this case, 0
represented the absence of symptoms, while 4 indicated very
severe symptoms. A low average score showed a low symptom
burden (Frank et al., 1999).

The STAI was adopted for assessing the levels of anxiety
(Guillén-Riquelme and Buela-Casal, 2014). STAI is a 20-item
instrument scored on a four-point Likert-type scale (1-4, from
not at all to very much). Healthy subjects without anxiety have
total scores < 40 (Vigneau and Cormier, 2008). HAMD was
adopted for assessing the levels of depression. HAMD is a 17-
item instrument and uses a 5-point Likert scale (0-4, from no
symptom to severe symptoms). A global HAMA score of >7
indicates “depression” (Lu et al., 2020).

Assessment of Autonomic Functions

The functions of the autonomic nervous system of the subjects
were measured with spectral analysis of HRV (heart rate
variability), as described in our previous research. The HRV
analysis software V.1.2.0.0 (Cardiotrak Holter system; Hangzhou
Baihui Electrocardiograms, China) was employed to analyze each
subjects HRV data, whereas HRV signals were provided by
using an electrocardiogram (ECG) recording (ct-082, Hangzhou
Baihui Electrocardiograms, China). Calculation of the power
in every frequency sub-band was employed to determine the
power spectral analysis. In general, parasympathetic or vagal
activities are represented by the band of high frequency (0.15-
0.50 Hz, HF), while the power in the band of low frequency
(0.04-0.15 Hz, LF) primarily represents sympathetic activity.
Furtherly, the HF/(HF + LF) ratio was used to represent
parasympathetic activity. Meanwhile, the Baevsky Index or
Sympathetic Index (SI) was calculated to represent sympathetic
tone according to the formula SI = %. The most
frequent RR interval was transformed into the mode (Mo),
which is expressed in seconds (Ali et al, 2021). A 50 ms
bin width was used for calculating the amplitude of mode
(AMo), which is expressed as a percentage of the total number
of intervals measured. MxDMn represented the variability as
the difference between longest (Mx) and shortest (Mn) RR
interval values, expressed in seconds. The SI is expressed
as s~ 2.
Statistical Analysis

All the statistical analyses were implemented in the SPSS V.16.0
software. Continuous variables are given as mean + standard
deviation. Statistical comparisons were investigated using
normality testing, followed by paired ¢-test. Pearson’s correlation
coefficient were used to assess the relationship among PSQI,
anorectal function and constipation symptoms. Moreover, a
multivariate logistic regression analysis was employed, including
anorectal function as the dependent variables and all those
variables with statistically significant differences in the bivariate
analysis as independent variables. Anxiety and depression were
considered as potential confounding factors. P < 0.05 signified
statistical significance.

RESULTS

Overall Study Population

Finally, a total of 278 FC patients who underwent HRAM
were enrolled for this study, including 85 FC patients with SD
(accounting for 30.58% in FC) and 193 FC patients without SD.
All patients tolerated the procedures without any adverse effects.
No remarkable differences were reported between the groups
regarding age, BMI, as well as, gender and there was no difference
in duration of constipation between the FC subgroups (t = 1.548,
P =0.123) (Table 1).

Constipation Symptom and

Anxiety/Depression Score

Functional constipation patients with SD had a higher PAC-
SYM score than group FC patients without SD (15.720 £ 1.493
vs. 12.750 + 1.339, P < 0.001) (Table 2). Specifically, FC
patients with SD had a higher abdominal symptom score
(4.670 % 1.084 vs. 4.340 =+ 0.876, P = 0.008) and higher rectal
symptom score (4.890 £ 0.926 vs. 4.560 £ 0.882, P = 0.005)
compared with FC patients without SD. However, there was no
difference in defecation symptoms score between the two groups
(4.550 & 0.838 vs. 4.410 + 0.886, P = 0.207). Meanwhile, there
was also no significant difference in the anxiety and depression
scores between FC patients with SD and those without SD
(P=0.411 and P = 0.451, respectively) (Table 2).

Anorectal Function

When compared to FC patients without SD, FC patients with SD
had a significantly lower threshold volume for the first sensation
(22.00 £ 3.87 vs. 24.48 + 3.85, P < 0.001), the urge to defecate
(106.71 £ 9.92 vs. 114.97 &+ 9.08, P < 0.001), and maximal
defecation (123.18 £ 10.69 vs. 141.63 £+ 11.50, P < 0.001).
Conversely, FC patients with SD had a significantly higher
threshold volume for the RAIR (17.46 &+ 4.15 vs. 16.12 + 4.84,
P = 0.019). FC patients with SD had lower anal sphincter
pressure for maximal squeeze than that of FC patients without SD
(143.14 + 14.12 vs. 151.03 £ 11.87, P < 0.001). However, there
was no difference in length of anal sphincter and compliance
between FC patients with SD and those without SD (P = 0.800
and P = 0.685, respectively) (Table 3).

Multivariate Logistic Regression Analysis
Results of the logistic regression are shown in Table 4. In
summary, In summary, among all the potential factors included
in the model, SD (OR: 4.235) and anxiety (OR: 1.743) showed
a statistically significant influence on the first sensation, while
SD (OR: 2.496) showed an influence on the urge to defecate. In
addition, SD (OR: 3.147) and depression (OR: 3.024) showed
a significant influence on maximal defecation, while SD (OR:
2.145) showed a statistically significant influence on RAIR.

Correlations Between Pittsburgh Sleep

Quality Index and Other Parameters
Pittsburgh sleep quality index significantly correlated with total
score of PAC-SYM (r = 0.686, P < 0.001), as well as abdominal

Frontiers in Neuroscience | www.frontiersin.org

July 2022 | Volume 16 | Article 912442


https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Liu et al.

Sleep Deficiency and Functional Constipation

TABLE 1 | Characteristics of the FC population (N = 278).

Variables FC patients with SD (n = 85) FC patients without SD (n = 193) Y2/t P
Gender

Male (n) 38 76 0.692 0.405
Female (n) 47 117

Age (years; mean + SE) 47.39 + 9.58 46.64 + 10.09 0.576 0.565
BMI (kg/m?; mean + SE) 24.34 + 4.29 23.61 + 3.91 1.397 0.164
Duration of constipation (months; mean + SE) 34.92 +7.71 33.25 4+ 8.42 1.548 0.123

Data are expressed as mean =+ standard deviation.
FC, functional constipation; SD, sleep deficiency; BMI, body mass index.

No statistically significant difference was noted in age, gender, BMI among the two groups.

and rectal subscores (r = 0.194; P = 0.001 and r = 0.156; P = 0.009,
respectively), but there was no correlation between PSQI and
defecation symptoms (r = -0.041, P = 0.501). PSQI negatively
correlated with the threshold volume for the first sensation (r = -
0.330; P < 0.001), urge to defecate (r = -0.366; P < 0.001),
maximal defecation (r = -0.671; P < 0.001), and RAIR (r = 0.323;
P < 0.001) in patients with FC. PSQI also negatively correlated
with maximal squeeze (r = -0.233; P = 0.001) despite the lack
of correlation between PSQI and resting and sustained squeeze
in FC patients (r = 0.054; P = 0.366 and r = -0.074; P = 0.219,
respectively) (Table 5). The scatter plot between PSQI and PAC-
SYM score was shown in Figure 2.

Mechanisms Involving Autonomic

Functions

Functional constipation patients with SD had a significantly
lower parasympathetic activity when compared to that of FC
patients without SD [HF/(HF + LF) ratio, 0.42 £+ 0.05 vs.
0.46 + 0.04, P = 0.016] (Figure 3A). Meanwhile, FC patients
with SD had a higher sympathetic activity than that of FC
patients without SD (SI, 37.48 + 7.75 vs. 34.88 =+ 6.09,
P =0.003) (Figure 3B).

DISCUSSION

In this study, we investigated the influence of SD on symptoms,
anorectal motility, sensation in FC patients by a validated
sleep questionnaire (PSQI) and HRAM, and explored potential

TABLE 2 | Constipation symptom, anxiety, and depression in FC patients
with or without SD.

FC with SD FC without SD t P

PAC-SYM

Abdominal symptoms 4.67 +£1.08 4.34 +£0.88 2.673 0.008
Rectal symptoms 4.89 +£0.93 4.56 +£0.88 2.824 0.005
Defecation symptoms 455+ 0.84 4.41 +£0.89 1.266 0.207
Total score 15.72 £1.49 12756+ 1.34 16.424 <0.001
STAI total score 37.18 £ 9.16 36.17 £9.48 0.823 0.411
HAMD total score 6.18 £ 2.08 599 +1.92 0.754 0.451

Data are expressed as mean =+ standard deviation.
FC, functional constipation; SD, sleep deficiency; PAC-SYM, patient assessment
of constipation symptoms; STAI, State-Trait Anxiety Inventory; HAMD, Hamilton

Depression Scale.

mechanisms using spectral analysis of HRV. We found that
FC patients with SD had more severe constipation symptoms
(especially abdominal and rectal symptoms) than those without
SD. Meanwhile, FC patients with SD had a significantly lower
sensory threshold for anorectal balloon distension and a lower
anal sphincter pressure for the maximal squeeze. Notably,
we also showed that SD increased sympathetic activity while
simultaneously suppressed parasympathetic activity. Results
from multivariate logistic regression analysis shown that SD
was significant independent risk factors for anorectal function
with first sensation exhibiting the highest degree of association,
while anxiety was independent risk factors for first sensation and
depression was independent risk factors for maximal defecation.

Although the relationship between SD and DGBI is
incompletely understood, latest studies indicated that there were
close associations of SD with lower gastrointestinal symptoms. In
a cross-sectional internet-based survey for Japanese population,
Yamamoto et al. (2021) tested the relationship between chronic
constipation and sleep and the authors demonstrated that
subjects with constipation and poor sleep experienced severe
symptoms and had poor quality of life, which is consistent
with our findings. Jiang et al. (2017) investigated 126 patients
with chronic constipation and reported that patients with sleep
disorders had worse constipation symptoms evaluated by the

TABLE 3 | Anorectal function in FC patients with or without SD.

FC with SD  FC without SD t P
Threshold volume, ml
First sensation 22.00 + 3.87 24.48 £ 3.85 4,94  <0.001
Urge 106.71 £9.92 11497 +£9.08 6.80 <0.001
Maximal 123.18 £10.69 141.63 £ 11.50 12.59 <0.001
RAIR 17.46 + 415 16.12 + 4.84 236 0.019
Anal sphincter pressure,
mm Hg
Resting 56.06 + 5.52 55.67 £5.47 054 0.590
Maximal 143.14 £ 1412 151.03 £ 11.87 4.81 <0.001
Sustained squeeze 197.34 £7.99 201.53+7.82 0.083 0.934
Length of anal sphincter, 2.25+0.29 223+0.33 0.254 0.800
cm
Compliance, mli/mm Hg 6.18 £ 0.67 6.15+0.63 0.406 0.685

Data are expressed as mean + standard deviation.
FC, functional constipation; SD, sleep  deficiency;
inhibitory reflexes.

RAIR,  rectoanal
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TABLE 4 | Multivariate logistic regression analysis about the potential factors of anorectal function for FC patients.

Potential factors First sensation Urge Maximal RAIR

OR 95%ClI P OR 95%ClI P OR 95%ClI P OR 95%ClI P
Age 0.953  0.691-1.453 0.162 0.867 0.603-1.215 0.174 0.783  0.596-1.269  0.246  0.961 0.711-1.608  0.144
Gender 1.023  0.768-1.957  0.092 1.105  0.794-2.013 0.084 0983 0.631-1.857 0.272 1.314  0.823-1.965  0.063
SD 4235  2.018-7.869  0.001 2496  1.836-3.871 0.018  3.147 1.981-4.746  0.005 2.145 1.768-2.939  0.041
Anxiety 1.743 1.106-2.459 0.015 0.768  0.987-1.416  0.496 1.006 0.536-1.896  0.355  0.793 1.018-2.153  0.408
Depression 1412 0.926-2.728  0.052 1245 0.871-2.669 0.073  3.024 1.168-6.739  0.003 1.306  1.002-2.781 0.064

OR, odds ratio; Cl, confidence interval;, RAIR, rectoanal inhibitory reflexes; FC, functional constipation; SD, sleep deficiency. The bold values indicate P < 0.050.

constipation scoring system (CSS) scale, compared to those
without sleep disorders (P = 0.031). Latest study evaluated the
sleep quality in patients with FC and constipation-predominant
IBS (IBS-C), and the results showed that FC patients had worse
sleeping quality than IBS-C patients (Chen et al., 2020). In
this study, we found that FC patients with SD patients were
characterized by more severe abdominal and rectal symptoms
than those without SD. However, no remarkable differences were
reported between the groups regarding defecation symptoms,
which may be because included patients already had severe
defecation alterations for a long-term course based on Rome IV
criteria. Meanwhile, our study showed that the PSQI significantly
correlated with the abdominal (P = 0.001) and rectal symptoms
(P =0.009) in FC patients with SD.

While the influence of sleep dysfunction on anorectal function
and motility was investigated in previous studies for IBS patients,
the impact of SD on anorectal functions and motility in FC
has been scarcely studied. To our best knowledge, it is the first
study to determine whether the presence of SD would influence
symptoms, anorectal motility, sensation, and autonomic function

TABLE 5 | Correlations between PSQI and constipation symptom as well as
anorectal function in FC patients.

FC

Threshold volume, ml

First sensation -0.330 <0.001
Urge -0.366 <0.001
Maximal -0.671 <0.001
RAIR 0.323 <0.001
Anal sphincter pressure, mm Hg

Resting 0.054 0.366
Maximal -0.233 0.001

Sustained squeeze -0.074 0.219
Length of anal sphincter, cm 0.048 0.422
Compliance, mli/mm Hg 0.040 0.509
PAC-SYM

Abdominal symptoms 0.194 0.001

Rectal symptoms 0.156 0.009
Defecation symptoms -0.041 0.501

Total score 0.686 <0.001

Data are expressed as Pearson’s correlation
parentheses.

PSQI, Pittsburgh Sleep Quality Index; FC, functional constipation; RAIR, rectoanal
inhibitory reflexes; PAC-SYM, patient assessment of constipation symptoms.
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FIGURE 2 | Sleep quality scores (PSQ)) significantly correlated with
constipation symptom scores (PAC-SYM) in FC patients (Pearson
Coefficient = 0.686, P < 0.001).

in patients with FC. By application of HRAM, we observed that
FC patients with SD had a lower threshold volume for the first
sensation, maximal defecation, urge to defecate, and a significant
increase in the threshold volume for RAIR when compared to
FC patients without SD, which is similar to previous findings
(Chen et al,, 2011; Gonzalez Canete et al.,, 2014). FC patients
with SD had a lower threshold volume for the first sensation,
maximal defecation, urge to defecate when compared to FC
patients without SD. What is more, FC patients with SD had
a significant decrease in the maximal squeeze pressure, which
may due to autonomic dysfunction (Iino et al., 2004). Meanwhile,
our study showed that the PSQI significantly correlated with
the perception threshold to anorectal balloon distension in FC
patients with SD.

The PSQI serves as a major tool to evaluate sleep quality
during the past month. Previous studies have shown that
the PSQI score correlates with some mental health diagnoses,
including anxiety, stress, depression, and psychotic disorders
(Zhao et al, 2018). Anxiety as well as other psychological
indicators might influence the relationship of the perception
of SD with visceral hypersensitivity (Meerveld and Johnson,
2018). Thus, it might be controversial that if the poor quality
of sleep combined with anxiety and/or other psychological
comorbidities but not SD itself influences rectal sensitivity as
noted in this research. However, no difference in STAI and
HAMD scores was observed between FC patients with and
without SD. Besides, multivariate logistic regression analysis was
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FIGURE 3 | Effects of SD on autonomic function in FC patients.

(A) Parasympathetic activity represented as the ratio of HF/(LF + HF) in FC
patients with SD was significantly lower than that of FC patients without SD
(P < 0.050). (B) Sympathetic activity represented as the Baevsky Index or
Sympathetic Index (Sl) in FC patients with SD was significantly higher than
that of FC patients with SD (P < 0.050).

applied, to elucidate the association among anorectal function,
SD, anxiety and depression. Results showed that SD, anxiety
and depression were significant independent risk factors for
anorectal function, with SD exhibiting the highest degree of
association with first sensation (OR: 4.235). Therefore, it is more
likely that poor sleep quality most significantly affects anorectal
function in FC patients, although other comorbidities, consisting
of stress and negative events, might influence rectal sensitivity
(Parker et al., 2019).

It is known that autonomic dysfunction plays an important
role in the pathogenesis of FC (Mazur et al., 2012). In the current
study, HRV analysis was used to represent the autonomic cardiac
function, which can be explored as a substitute for autonomic
nerve function. Furtherly, this approach has been previously
employed to demonstrate that a sympathetic to parasympathetic
post-prandial ratio decreases with an increase in vagal activity
(Bruinstroop et al., 2013). What is more, alterations in cardiac
autonomic functions triggered by meal opine it can be a surrogate
for gastrointestinal autonomic function (Wang X. et al., 2019).
It has been reported that poor sleep will lead to sympathetic
activation. Wang S. et al. (2019) reported that poor sleep
would increase the LF/HF ratio and make LF higher, reflecting
increased sympathetic activity and decreased parasympathetic
activity. Carter et al. (2018) reported that individuals with
chronic insomnia exhibit increased sympathetic neural as well
as cardiovascular reactivity to stress, augmented sympathetic
neural outflow, and blunted baroreflex sensitivity relative to
good-sleeper individuals. Of note, Liu et al. (2018) documented
that an escalation in sympathetic nerve activity is associated
with constipation. Meanwhile, our previous study showed that
the imbalance between sympathetic and parasympathetic nerves
plays a vital role in constipation symptoms (Liu et al., 2020).
Notably, the current study showed that sleep disorders will

influence the balance between parasympathetic and sympathetic
nerves thus remarkably increasing sympathetic activities, which
is similar outcomes to previous research (Carter et al., 2018;
Wang S. et al,, 2019).

On the other hand, visceral hypersensitivity has been
reported by the incidence of functional gastrointestinal
conditions, e.g., non-cardiac chest pain, IBS, as well as heartburn
(Simrén et al, 2018). Visceral hypersensitivity is linked to
insufficient sleep, while SD could promote visceral perception
conversely. Moreover, the interrelation between visceral
hypersensitivity and SD has been regarded as an etiological
event of chronic hyperalgesia syndromes (Lee, 2006). Although
previous study have shown that sleep disorders cannot result
in anorectal motility changes in healthy people (Liu et al,
2011), Whitehead et al. (1990) found that patients with IBS
have high chances of reporting the first rectal pain sensation
at lower pressures compared to healthy individuals. To date,
there is no report on the relationship between constipation and
visceral hypersensitivity. In the current study, we found that
FC patients were recognized by a lower sensory threshold to
anorectal balloon distension. We believe that SD is associated
with impairment of anorectal functions in FC patients and this
change may be related to autonomic nerve function and visceral
hypersensitivity. However, it is worth mentioning that the data
regarding volume differences between the groups presented
in our study were small statistical changes. This may suggest
our patients with FC plus SD were likely associated with more
severe anorectal hypersensitivity by their ability to differentiate
a small balloon volume changes. SD may play a role in the
pathogenesis of visceral hypersensitivity in patients with FC.
Fass et al. (2000) demonstrated that the visceral sensitivity of
functional bowel disorder patients can be aggravated by sleep
maintenance disorders. Consequently, SD may be involved in
the mechanism behind these changes. Visceral hypersensitivity
is linked to insufficient sleep, whereas SD could promote
visceral perception. Moreover, the interrelation between visceral
hypersensitivity and SD has been considered an etiological event
of chronic hyperalgesia syndromes (Lee, 2006). Notably, the
gut microbiota is another potential mechanism that affects the
rectal sensitivity in patients with FC. Previous studies reported a
decrease in beneficial bacteria such as Lactobacillus, an increase
in harmful bacteria, and a reduction in species richness in FC
patients (Wang and Yao, 2021). Colonic functions could be
modulated by gut microbiota via the metabolites of bacterial
fermentation, which could trigger the release of gut hormones.
Subsequently, colonic sensation, secretion, and motility could be
impacted by these gut hormones (Ohkusa et al., 2019; Ding et al.,
2021). Overall, the relationship between SD and altered anorectal
function in FC may be multi-factorial, and the underlying
mechanism needs further investigation.

A systematic review put forward a new model of
communication between DGBI and sleep microbial metabolites,
including the serotonergic system, the vagus nerve, and
immune reactions (Sen et al., 2021). Non-rapid eye movement
(NREM) sleep was decreased by serotonin depletion in the
brain during the inactive phase and was increased during
the active phase in rats (Nakamaru-Ogiso et al., 2012). This
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suggests that serotonin might play an important role in
communicating gut microbiome and sleep regulation in the
brain. Meanwhile, vagotomized mice did not display sleep
deprivation-associated inflammation, which demonstrated the
role of the vagus nerve in crosstalk between the gut microbiota
and sleep (Zhang et al., 2021). Regional homogeneity (ReHo)
and resting-state functional magnetic resonance imaging scans
were performed by Feng et al. (2022) revealing the relationships
among ReHo values in the left fusiform gyrus, the relative
abundance of Lactobacilli, and depression scores in chronic
insomnia patients. In addition, some bacterial genera related
to the ReHo values of the right triangular inferior frontal
gyrus were also found; and the relative abundance of genus
Coprobacter was correlated with the ReHo values of the left
angular gyrus. These findings revealed complex relationships
between DGBI and chronic insomnia. Schoch et al. (2022)
reported a link between sleep habits and gut microbiota. They
found that daytime sleep is related to bacterial diversity, while
nighttime sleep fragmentation and variability are linked with
bacterial maturity and enterotype. In addition, they proposed
a sleep-brain-gut link, suggesting that sleep neurophysiology is
related to bacterial diversity and enterotype. Another study has
demonstrated that indigenous spore-forming microbes from
the gut microbiota produced metabolites that promoted host
5-HT biosynthesis in the gastrointestinal tract and impacted
gut motility (Yano et al., 2015). It is well known that 5-HT
regulated gut motility and alterations in 5-HT signaling might
contribute to FC.

LIMITATIONS

There were some potential limitations in the present study.
Firstly, although patients with serious mental diseases were
excluded, patients with mild depression were included. Sleep
issues may be related to or exacerbated by mental diseases and
impact our results. Secondly, the healthy control group can
be used as the baseline control, improving the comparison of
the parameters of the water perfusion manometry system, such
as the sensory test of FC patients with/without SD. However,
it is difficult and ethically challenging perform a manometric
examination in healthy people. Thirdly, the sensory test’s value
was determined subjectively by the patients’ report, which might
be disturbed by the patient’s status at the time of examination.
Besides, HRAM with water perfused was used in the current
study, while most recent studies are performed using solid
state catheters. Previous studies reported no differences at rest
between the two types of catheters, but solid-state catheters
offer greater sensitivity to rapid pressure changes compared to
water perfusion (Liem et al., 2012; Rasijeff et al., 2017). Thus,
using a water-perfused HRAM catheter may lead to different
results. Finally, another limitation includes the fact that other
objective measures of colonic function (such as transit studies,
etc.) were not included in the assessment of FC patients, and
the patients did not undergo a formal mental health assessment
before participating in the study. Although patients with serious
mental diseases were excluded, sleep issues may be related

or exacerbated by the mental diseases which can in turn
impact our results.

CONCLUSION

In summary, the present study verifies the previous concept
of the relationship of subjective disturbances of sleep with
gastrointestinal symptoms. We established that individuals with
FC with SD are remarkably sensitive to rectal distention
discomfort, and they exhibit evidence of changed anorectal
function and severe constipation symptoms. The potential
mechanisms may be related to autonomic nervous function and
visceral hypersensitivity. However, it remains to be investigated if
the mechanism(s) of SD affecting constipation, such as the central
nervous system’s dysfunctions, affects intestinal function.
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Background and Aims: Functional dyspepsia (FD) is closely associated with gut—
brain interaction disorder (DGBI), characterized by the interaction of gastrointestinal
symptoms and central nervous system dysregulation. Chinese herbal medicine (CHM)
has a good concurrent effect in the treatment of FD, especially for patients with
concurrent psychological disorders. A meta-analysis was designed to evaluate the
efficacy and safety of CHMs in the treatment of FD.

Methods: The PubMed, Embase, Cochrane Library, Web of Science, Chinese
Biological Medical Database (CBM), Wanfang Data, China National Knowledge
Infrastructure (CNKI), and China Science and Technology Journal Database (VIP)
were searched to collect randomized controlled trials of FD treated with CHM. The
retrieval time limit is from the establishment of the database till 11 April 2022. Two
researchers independently searched databases, screened documents, extracted data,
and evaluated the risk of bias of included studies. RevMan 5.4 software was used
for meta-analysis.

Results: A total of 11 studies including 951 patients were included. The study was
divided into two parts. The first part included 5 clinical trials, including 471 patients.
The experimental group was treated only with CHM and the control group was only
treated with placebo. The results of first part showed that the total effective rate of
CHM in the treatment of FD was higher than that in the placebo group (84.5 vs.
49.4%) [relative risk (RR) = 1.76; 95% confidence interval (Cl) (1.13, 2.75); P = 0.01].
In addition, CHM treatment could reduce the total symptom score [standardized mean
difference (SMD) = —10.05; 95% CI (—13.50, —6.59); Z = 5.70; P < 0.0001] and
depression score [SMD = —7.68; 95% Cl (—14.43, —0.94); Z = 2.23; P = 0.03]. The
second part included 6 clinical trials, including 480 patients. The experimental group
was only treated with CHM and the control group was treated with prokinetic agents
combined with flupentixol melitracen (deanxit). The results of second part showed that
the total effective rate of CHM in the treatment of FD was higher than that of the control
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group (92.6 vs. 78.8%) [RR = 1.17; 95% CI (1.09, 1.26), P < 0.0001]. In addition,
CHM treatment could reduce HAMA score [mean difference (MD) = —3.19; 95% CI
(—=8.79, —2.59); Z = 10.40; P < 0.00001], HAMD score [MD = —4.32; 95% CI (—6.04,
—2.61); Z =4.94; P < 0.00001], and gastric emptying rate [MD = 12.62; 95% ClI (5.84,
19.40); Z = 3.65; P = 0.0003]. The results of the two parts of the meta-analysis showed
no serious adverse reactions, and there was no significant difference in the adverse
reactions between the experimental group and the control group [MD = 1.14; 95% Cl
(0.53, 2.42); 7 =0.33; P =0.74]; [MD = 0.14; 95% CI (0.01, 2.67); Z =1.30; P = 0.19].

Conclusion: The current evidence shows that CHM treatment has great potential and
safety in alleviating the symptoms of FD and improving the psychological disorders
of anxiety and depression in patients with FD. Limited by the quantity and quality of
the included studies and other biases, the above conclusions need more high-quality
studies to be verified.

Systematic Review Registration: https://www.crd.york.ac.uk/PROSPERQ/, identifier

[CRD42022311129].

Keywords: Chinese herbal medicine, functional dyspepsia (FD), psychological disorder, metaanalysis,

effectiveness

INTRODUCTION

Functional dyspepsia (FD) is a common digestive system disease.
In 2016, the Rome Committee defined functional gastrointestinal
diseases, including FD, as abnormal brain-intestinal interactions
(Drossman and Hasler, 2016). The prevalence of FD is about
16% in the general population and up to 18-45% in China
(Ge, 2017; Ford et al., 2020). Characteristic symptoms of FD
include epigastric pain, epigastric burning, postprandial fullness,
or early satiety that persists for at least 6 months. Although the
disease does not have obvious organic lesions, the symptoms
are persistent and difficult to heal, and easy to repeat, which
seriously affects the quality of life and physical and mental health
of patients (Ge, 2017).

The pathophysiological mechanism of FD is complex, and
its pathogenesis is the result of the combined effects of
multiple factors such as gastrointestinal motility disorder, visceral
hypersensitivity, intestinal flora imbalance, dysfunction of the
gut-brain axis, and mental and emotional factors (Ford et al,
2020). FD is a typical physical and mental disease of the digestive
system with a co-morbidity rate of up to 49.3% with psychological
disorders (Chen, 2016; Xiong, 2016). With the accelerated pace
of life and work, the relationship between FD and psychological
factors has been extensively studied. Studies have shown that
(Zhu et al., 2015; Zhang, 2018) abnormal emotional factors
can lead to brain-gut axis dysfunction, visceral hypersensitivity,
and gastrointestinal inflammation and immunity, causing or
promoting the occurrence of FD.

The current treatment modalities for FD mainly include
pharmacotherapy, lifestyle modification, and psychotherapy
(Ford et al., 2020). Clinical medications are generally used for
symptomatic treatment, such as acid inhibitors and prokinetics,
but these drugs often do not provide complete relief of symptoms.
Central neuromodulators have an important role in refractory

functional gastrointestinal disease and are especially suitable for
patients with combined psychological disorders, but they have
many side effects and adverse reactions, and their symptoms tend
to worsen after patients stop the antidepressant treatment, so
there are many limitations in clinical application. Psychotherapy
generally needs to be administered in conjunction with a
specialist clinic, and patients who are unable or unwilling to
receive treatment are unlikely to benefit. Moreover, a Chinese
research study showed that more than 90% of patients with
psychological disorders seen in gastroenterology departments
were unwilling to receive psychotherapy (Feng et al, 2021).
FD is prone to recurring clinically and the treatment effect is
not good, which is a considerable burden for individuals and
society (Drossman, 2021). Therefore, the search for an effective
treatment is a critical issue that needs to be urgently addressed
(Ford et al., 2021).

Given the limitations of clinical treatment methods, Chinese
herbal medicine (CHM) has shown evident advantages in the
treatment of FD. A previous randomized controlled trial (RCT)-
based meta-analysis by our team showed that Chinese medicine
compounds are more effective than placebo in treating FD due
to the improved indigestion symptoms, CMS, gastric emptying
rate, and the quality of life of patients with FD (Xiaoying
et al., 2021). In recent years, an increasing number of scholars
have paid attention to the therapeutic effect of CHM on FD
with psychological disorders. Therefore, this study is based
on randomized clinical trials. Based on previous studies, the
literature has been updated, and more attention has been paid
to the improvement of clinical symptoms in FD patients with
psychological disorders. The clinical efficacy and safety of CHM
in treating FD with psychological disorders were systematically
evaluated with the aim of drawing a higher level of evidence and
a more objective and a comprehensive evaluation conclusion to
guide clinical treatment.
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DATA AND METHODS

Literature Search

The meta-analysis was conducted according to the Preferred
Reporting Items for Systematic Reviews and Meta-Analysis
Statement (PRISMA). We searched eight databases including
PubMed, Embase, Cochrane Library, Web of Science, China
National Knowledge Infrastructure (CNKI), Chinese Biological
Medical Database (CBM), Wanfang, and China Science Journal
Database (VIP). The retrieval time is from the establishment
time of each database to 11 April 2022. The conference papers
and dissertations of related clinical trials were simultaneously
retrieved in CNKI and Wanfang data resource systems.

The following search terms were used: (functional dyspepsia
OR postprandial distress syndrome OR epigastric pain
syndrome) AND (psychological disorders OR anxiety OR
depression) AND (Traditional Chinese Medicine OR Chinese
Medicine OR Chinese Traditional Medicine OR Herbal Medicine
OR formula OR Decoction OR recipe OR prescription OR tablet
OR capsule OR granule) AND (random).

Study Selection

Inclusion Criteria

Study Type

Clinical RCTs published in Chinese or English.

Research Objects

The participants were patients with FD over the age of 18 who
met the diagnostic criteria of Rome II, Rome III, or Rome IV
and at least have 1 psychological disorder (Talley et al., 1999; Tack
et al,, 2006; Stanghellini et al., 2016). Patients with severe organic
or mental diseases were excluded from the study.

Intervention Measures

@®Treatment group: only oral CHM treatment and does
not involve the addition and subtraction of drug taste and
dosage; there is no limit to the form of CHM (decoction,
granules, capsules, etc.), and the course of medication
should not be less than 2 weeks.

@Control group: the first part is only oral placebo control.
The placebo should conform to the shape, nature, and
taste of CHM similar to that of the treatment group,
and the course of treatment is the same as that of the
treatment group. The second part is the combination of
prokinetics + deanxit.

Curative Effect Evaluation Index
Main outcome evaluation index:

@The total effective rate with the extractable dichotomous
variable data. A patient-reported assessment is preferred if
the study involved both investigator-reported and patient-
reported results.

@The scores of the scale reflecting psychological disorders
such as HAMD, HAMA, SDS, SAS, and so on.

Secondary outcome evaluation indexes: total symptom score,
gastric emptying rate, and adverse reactions.

If the main outcome evaluation index does not meet the above
requirements, the outcome evaluation index, including TCM
syndrome efficacy or gastric emptying rate can also be included;
studies reporting different outcome indicators from the same
clinical trial were combined and included.

Exclusion Criteria

(1) Non-English and Chinese literature; (2) the original
information is not published publicly; (3) interventions are
interfered by other treatments; (4) unable to get the full text or
the data is incomplete; and (5) repeated published literature.

Data Extraction

Two researchers independently read the title, abstract, and
full text of the literature and screened and included the
literature according to the standard of arrangement. In the
case of objection, the third party intervened to evaluate it.
The extracted data included literature title, author, publication
date, research source, sample size, western medicine diagnostic
criteria, intervention measures, course of treatment and follow-
up time, outcome evaluation index and results, and adverse
reaction events.

The Quality Evaluation of Included
Literature

Two researchers independently conducted the quality evaluation,
and a third investigator evaluated the objections. This evaluation
was performed according to the Cochrane ROB Tool in terms of:
generation of random sequence, concealment of allocation, blind
method, incomplete outcome data, selective reporting, and other
biases, and the results were exported via Review Manager V 5.4.

Statistical Analysis

We used Rev Man 5.4 for merge-eftect analysis. Two classification
variables were analyzed by relative risk (RR), and the numerical
variables were analyzed by mean difference (MD) or standardized
mean difference (SMD), all of which were expressed by 95%
confidence intervals (CIs).

The heterogeneity among statistics of multiple identical
studies was tested by tests for heterogeneity and evaluated using
the X? test combined with I? statistics. If P > 0.10 and I* < 50%,
the heterogeneity was considered acceptable (Higgins et al,
2003). If the included research has homogeneity, the fixed effects
model is used, and if there is heterogeneity, a random-effect
model (Dersimonian and Laird, 1986) is used. It was considered
to be statistically significant when P < 0.05.

RESULTS

Retrieval Results

A total of 185 studies were obtained through preliminary search,
including 140 in CNKI, 1 in Wanfang, 13 in PubMed, 3 in VIP,
25 in Cochrane, and 3 in Web of Science. First, we removed
14 duplicate documents. Second, 152 articles were excluded by
reading the literature titles and abstracts, and 8 articles were
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excluded by reading the full text. Finally, 11 studies were included
in the meta-analysis (Zhao and Gan, 2005; Han and Wang, 2011;
Lu and Chen, 2011; Du et al., 2014; Xi et al., 2014; Zhang, 2014;
Zhang et al., 2016, 2017a,b,c; Zhu and Gu, 2017; Li et al., 2018;
Tominaga et al., 2018; Chen et al., 2020). Among them, there
are five studies (Zhao and Gan, 2005; Du et al., 2014; Zhu and
Gu, 2017; Tominaga et al., 2018; Chen et al., 2020) on CHM vs.
placebo and six studies (Han and Wang, 2011; Lu and Chen, 2011;
Xi et al., 2014; Zhang, 2014; Zhang et al., 2016, 2017a,b,c; Li et al,,
2018) on CHM vs. prokinetics + deanxit (Figure 1).

Basic Characteristics of Included

Studies

A total of 11 RCTs were selected. Among them, there are five
studies on CHM vs. placebo, one (Tominaga et al., 2018) from
Japan and the rest (Zhao and Gan, 2005; Du et al., 2014; Zhu and
Gu, 2017; Chen et al., 2020) from China. Four (Zhao and Gan,
2005; Du et al., 2014; Tominaga et al., 2018; Chen et al., 2020)
of all studies were published in English and one (Zhu and Gu,
2017) in Chinese.

There are six studies of CHM vs. prokinetics + deanxit, all
from China and published in Chinese. The 951 participants in
the 11 RCTs were divided into the following 2-part studies, and
the number of participants in each study ranged from 43 to 118.
Of the 11 studies involved, 2 (Tominaga et al., 2018; Chen et al.,
2020) were multicenter studies, and the number of participating
research centers ranged from 9 to 56. The basic information
of the 11 studies included in the analysis is shown in Table 1.
The specific drug composition of Chinese medicine compounds
involved in the study is shown in Table 2.

Risk of Bias Assessment

All the inclusion trials were randomized, but some of them
did not describe the specific randomization method, hence the
evaluation was “unclear.” Some of these inclusion trials did not
describe blindness. Among them, trials that neither described
randomization method nor blindness were considered high risk,
and the others were evaluated as “unclear.” Complete details of
the bias risk assessment are shown in Figures 2, 3.

Meta Results
Total Effective Rate
Chinese Herbal Medicine vs. Placebo Group
Among the five studies included, three studies (Zhao and Gan,
2005; Du et al., 2014; Tominaga et al., 2018) reported the total
effective rate. There were a total of 341 cases, of which 181 cases
were in the Chinese medicine compound treatment group. Of
these, 153 cases were reported effective (84.5%). Of the 160 cases
in the placebo control group, of which 79 cases were effective
(49.4%).

The heterogeneity test showed high heterogeneity (P = 0.006,
I? = 80%); therefore, a randomized effect model was adopted.
The results showed that the therapeutic effect of CHM was
significantly better than that of placebo on the overall symptom
improvement [RR = 1.76; 95% confidence interval (CI) (1.13,
2.75), P = 0.01] (Figure 4).

Chinese Herbal Medicine vs. Western Medicine Group
Six studies (Han and Wang, 2011; Lu and Chen, 2011; Xi et al,,
2014; Zhang, 2014; Zhang et al., 2016, 2017a,b,c; Li et al., 2018)
all reported the total clinical effective rate. Totaling 480 cases, 244
cases were in the Chinese medicine compound treatment group.
Of these, 226 cases were effective (92.6%), and of the 236 cases in
the control group, 186 cases were effective (78.8%).

The comprehensive analysis showed low heterogeneity (I> = 0,
P =0.98), and a fixed-effects model was used. The comprehensive
results showed that the effective rate of the CHM was significantly
better than that of the control group, and the difference
was statistically significant [RR = 1.17; 95% CI (1.09, 1.26),
P < 0.0001] (Figure 5).

Total Symptom Score

Chinese Herbal Medicine vs. Placebo Group

A total of 4 studies (Zhao and Gan, 2005 Zhu and
Gu, 2017; Tominaga et al, 2018; Chen et al, 2020),
including 381 participants compared total symptom scores.
The comprehensive analysis showed high heterogeneity
(I = 98%), and a random-effects model was used. The
comprehensive results showed that the CHM could
effectively reduce the total symptom score [SMD = —10.05;
95% CI (—13.50, —6.59); Z = 570; P < 0.00001]
(Figure 6).

Depression Scale

Chinese Herbal Medicine vs. Placebo Group

Three studies (Zhao and Gan, 2005; Du et al., 2014; Tominaga
et al, 2018) including 341 investigators compared post-
treatment depression scores. The heterogeneity test showed high
heterogeneity (P < 0.00001, I* = 99%); therefore, a randomized
effect model was adopted. Two of the studies used the HAMD
score (Zhao and Gan, 2005; Du et al., 2014) and one (Tominaga
et al.,, 2018) study used the HADS score. The comprehensive
results showed that the CHM could effectively reduce the
depression score [SMD = —7.68; 95% CI (—14.43, —0.94);
Z =2.23; P=0.03] (Figure 7).

Two other studies also evaluated depression improvement.
According to Chen et al’s (2020) results, the JX pill group had
a greater improvement in the HAMD total score from baseline
to 4 weeks than the placebo group, but the difference was not
significant [mean between-group difference, —0.7 points (95%
CI, —1.8 to —0.3); P = 0.093]. Zhu and Gu (2017) showed that
compared with the placebo group, the effective rate of the CHM
group was significantly increased (68.75 vs. 37.50%, P < 0.05).
The cure rates of the CHM group were significantly higher than
those of the placebo group (27.08% vs. 0, P < 0.05).

Chinese Herbal Medicine vs. Western Medicine Group

Six studies (Han and Wang, 2011; Lu and Chen, 2011; Xi
et al, 2014; Zhang, 2014; Zhang et al, 2016, 2017a,b,c; Li
et al, 2018) including 480 investigators compared HAMD
scores after treatment. The comprehensive analysis showed high
heterogeneity (I> = 98%), and a random-effects model was
used. The comprehensive results showed that the CHM could
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effectively reduce the HAMD score [MD = —4.32; 95% CI (—6.04,  was not significant [mean between-group difference, —0.3 points

—2.61); Z=4.94; P < 0.00001] (Figure 8). (95% CI, —1.3 to —0.7); P = 0.446].

Chinese Herbal Medicine vs. Western Medicine Group
HAMA Score Three studies (Lu and Chen, 2011; Zhang et al., 2016, 2017a,b,c;
Chinese Herbal Medicine vs. Placebo Group Li et al., 2018) including 254 investigators compared HAMA

Only Chen et al. (2020) evaluated anxiety. The results showed scores after treatment. The comprehensive analysis showed high
that JX pill had a greater improvement in the HAMA scores from  heterogeneity (I> = 80%), and a random-effects model was
baseline to 4 weeks than the placebo group, but the difference used. The comprehensive results showed that the CHM could
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TABLE 1 | Basic characteristics of included articles.

References Language Country Diagnostic Psychological Number of Sample Sex ratio Durations Follow-up Outcomes Adverse
criteria disorders research size (T:C) (male: events
centers female) (T:C)
CHM vs. placebo
Zhao and Gan, English China Rome Il HAMD > 20; 1 43 (80:13) 43 (16:27) 8 weeks NR DRO® 0
2005 HAMA > 14
Duetal.,, 2014 English China Rome Il Depression 1 180 (90:90) NR 8 weeks 6 months [O6) 0
Tominaga et al., English Japan Rome Il HADS < 10 56 118 (61:57) 125(36:89) 8 weeks NR [Oe6) 4 (3:1)
2018
Chenetal., 2020  English China Rome Ill HAMD > 20; 9 141 (70:71) 141 (107:3) 4 weeks 4 weeks @e® 4 (3:1)
HAMA > 14
Zhu and Gu’s Chinese  China Rome Ill Mild to 1 80 (48:32) 80 (37:43) 6 weeks NR @B 15 (8:7)
(2017) moderate
depression on
the HAMD-17
CHM vs. mosapride/domperidone + deanxit
Han and Wang, Chinese China Rome Il HAMD > 17 1 60 (80:30) 60 (20:40) 4 weeks NR [©6) NR
2011
Luand Chen, 2011 Chinese China Rome Il HAMA > 7; 1 55 (81:24) 55(19:36) 4 weeks NR D@ NR
HAMD > 7
Xietal., 2014 Chinese  China Rome Il HAMD > 8 1 96 (48:48) 96 (39:57) 30days 6 months DR®® 0
Zhang, 2014 Chinese China Rome Il HAMD > 7 1 70(35:35) 70(29:41) 30days 3 months [O6) 3(0:3)
Zhang et al., 2016, Chinese China Rome Il HAMD > 20; 1 119 (60:59) 119 (49:70) 4 weeks NR D@ Incomplete
2017a,b,c HAMA > 14 information
Lietal, 2018 Chinese  China Rome Ill HAMD > 20; 1 80 (40:40) 80 (34:46) 4 weeks NR DR®G 0
HAMA > 14

T, treatment group; C, control group; NR, not report. @ Total efficiency, @ total symptom score, ® depression scale, ® HAMA score, and ® gastric emptying rate.

effectively reduce the HAMA score [MD = —3.19; 95% CI (—3.79,
—2.59); Z = 10.40; P < 0.00001] (Figure 9).

Gastric Emptying Rate

Chinese Herbal Medicine vs. Western Medicine Group

Three studies (Xi et al., 2014; Zhang, 2014; Li et al., 2018)
involving six articles reported the gastric emptying rate. All
studies used radioimaging. The heterogeneity test showed high
heterogeneity (P < 0.00001, I> = 97%); thus, the randomized
effect model was adopted. The combined results showed that
the Chinese herbal formula could effectively reduce the gastric
emptying rate [MD = 12.62; 95% CI (5.84, 19.40); Z = 3.65;
P =0.0003] (Figure 10).

Adverse Reactions

Chinese Herbal Medicine vs. Placebo Group

All 5 studies reported drug safety evaluations and included a total
of 561 patients. In Zhu and Gu’s (2017) study, eight cases of
adverse reactions occurred in the GHM group, including three
cases of dry mouth, two cases of dizziness, one case of loss of
appetite, one case of nausea, and one case of gastrointestinal
discomfort. There were seven cases of adverse reactions in
the placebo group, including nausea two cases, one case of
insomnia, one case of fatigue, three cases of constipation. In
Chen et al’s (2020), one participant in the CHM group reported
slight diarrhea, one participant reported mild constipation, and
one participant had abnormal liver function (ALT, 108.7 U/L;
AST, 63.7 U/L); no specific adverse reactions were reported in

the placebo group. The comprehensive results showed that the
incidence of adverse reactions was 4.68% in the CHM group
and 3.44% in the placebo group, with no significant difference
between the two groups [MD = 1.14; 95% CI (0.53, 2.42); Z = 0.33;
P =0.74] (Figure 11).

Chinese Herbal Medicine vs. Western Medicine Group

Out of the six studies (Xi et al, 2014; Zhang, 2014; Zhang
et al., 2016, 2017a,b,c; Li et al, 2018), four conducted drug
safety evaluation. Among them Zhang et al. (2016, 2017a,b,c)
mentioned only in the abstract that there were no adverse
reactions in either group during the study period. Li et al. (2018)
conducted a 6-month follow-up, and the result was that there
were no serious adverse reactions in both groups. During Zhang
(2014) treatment, two patients in the control group had mild
dizziness, one patient had dry mouth and slight bitterness, and
no adverse reactions occurred in the treatment group. During
the Xi et al. (2014) study, no adverse reactions occurred in both
groups. None of the reported adverse reactions affected the course
of treatment. The comprehensive results showed that there was
no significant difference in the occurrence of adverse reactions
between the two groups [MD = 0.14; 95% CI (0.01, 2.67); Z = 1.30;
P =0.19] (Figure 12).

DISCUSSION
Our study suggests that herbal treatment of FD with
psychological disorders has great potential to improve
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TABLE 2 | Composition of Chinese medicine compounds.

References Chinese herbal medicine Control group

Chinese herbal formula

CHM vs. placebo

Zhao and Gan,
2005

Xinwei decoction (1 dose, TID) Placebo (1 dose, TID)

Du et al., 2014 Xiaoyao pill (3 g, BID) Placebo (3 g, BID)

Tominaga et al.,
2018

Chen et al., 2020

Rikkunshito (7.5 g, TID) Placebo (7.5 g, TID)

Formulation of Jiawei Xiaoyao
(69, BID)

Placebo (6 g, BID)

Zhu and Gu’s Morinda officinalis oligose Placebo (1 pill, BID)

(2017) capsule (1 pill, BID)

CHM vs. mosapride/domperidone + deanxit group

Lietal, 2018 Danzhi Xiaoyao San and Simo Mosapride citrate
Soup and Simo decoction (1 tablets (5 mg, TID);
dose, BID) deanxit (1 pill, BID)

Xietal, 2014 Modified Sini Powder (1 dose, Domperidone maleate
BID) tablets (12.72 mg, TID);

deanxit (1 pill, BID)
Zhang, 2014 Recipe of soothing the liver and Domperidone maleate

regulating the stomach (200 ml,
BID)

tablets (12.72 mg, TID);
deanxit (1 pill, BID)

Zhang et al., 2016;
Zhang et al.,
2017a,b,c

Shugan Jianpi Anshen recipe
(100 ml, BID)

Domperidone tablets
(10 mg, TID); deanxit
(10 mg, BID)

Han and Wang,
2011

Modified Sini Powder (1 dose,
BID)

Domperidone tablets
(10 mg, TID); deanxit
(10.5 mg, QD)

Chaihu (Radix Bupleuri) 10 g, Xiangfu (Rhizoma Cyperi) 10 g, Hehuanhua (Flos
Albiziae) 30 g, Meiguihua (Flos Rosae Rugosae) 20 g, Taizishen (Radix
Pseudostellariae) 156 g, Quangualou (Fructus Trichosanthis) 15 g, Baizhu
(Rhizoma Atractylodis Macrocephalae) 10 g, Zhishi (Fructus Aurantii Immaturus)
10 g, Sharen (Fructus Amomi) 10 g, Yuijin (Radix Curcumae) 12 g, Fushen
(Sclaerotium Poriae Circum Radicem Pini) 15 g, Baihe (Bulbus Lili) 15 g,
Xiangyuan (Fructus Citri) 10 g, parched Maiya (Fructus Hordei Germinatus)

10 g, parched Guya (Fructus Oryzae Germinatus) 10 g, Qiancaogen (Radix
Rubiae) 12 g, and Xuchangging (Radix Cynanchi Paniculati) 15 g

Chai Hu (radix bupleuri), Dang Gui (Angelica sinensis), Bai Shao (radix paeoniae
alba), Chao Bai Zhu (roasted rhizoma atractylodis macrocephalae), Fu Ling
(Wolfiporia extensa), Zhi Gan Cao (radix glycyrrhizae), Bo He (mint), and Sheng
Jiang (rhizoma zinjiberis recens)

NR

NR

NR

Muxiang (AUCKLANDIAE RADIX) 10 g, Wuyao (LINDERAE RADIX) 10 g, Zhigiao
(AURANTII FRUCTUS) 10 g, Binglang (ARECAE SEMEN) 10 g, Mudanpi
(MOUTAN CORTEX) 10 g, Zhizi (GARDENIAE FRUCTUS) 10 g, Chaihu
(BUPLEURI RADIX) 10 g, Fuling (PORIA) 10 g, Danggui (ANGELICAE SINENSIS
RADIX) 10 g, Baishao (PAEONIAE RADIX ALBA) 15 g, Baizhu (RHIZOMA
ATRACTYLODIS) 10 g, Gancao (GLYCYRRHIZAE RADIX ET RHIZOMA) 5 g

Fushen (PORIA) 20 g, Chaihu (BUPLEURI RADIX) 12 g, Zhishi (AURANTII
FRUCTUS IMMATURUS) 12 g, Baizhu (RHIZOMA ATRACTYLODIS) 10 g,
Baishao (PAEONIAE RADIX ALBA) 10 g, Chenpi (CITRI RETICULATAE
PERICARPIUM) 12 g, Dafupi (ARECAE PERICARPIUM) 20 g, Shichangpu
(ACORI TATARINOWII RHIZOMA) 10 g, Yujin (CURCUMAE RADIX) 12 g,
Gancao (GLYCYRRHIZAE RADIX ET RHIZOMA) 6 g

Fushen (PORIA) 20 g, Chaihu (BUPLEURI RADIX) 12 g, Baizhu (RHIZOMA
ATRACTYLODIS) 18 g, Zhishi (AURANTII FRUCTUS IMMATURUS) 12 g, Dafupi
(ARECAE PERICARPIUM) 20 g, Chenpi (CITRI RETICULATAE PERICARPIUM)
12 g, Baishao (PAEONIAE RADIX ALBA) 10 g, Yujin (CURCUMAE RADIX) 12 g,
Shichangpu (ACORI TATARINOWII RHIZOMA) 10 g, Gancao (GLYCYRRHIZAE
RADIX ET RHIZOMA) 6 g

Chaihu (BUPLEURI RADIX) 10 g, Shichangpu (ACORI TATARINOWII RHIZOMA)
10 g, Ezhu (CURCUMAE RHIZOMA) 10 g, Huanglian (COPTIDIS RHIZOMA)

10 g, Houpo (MAGNOLIAE OFFICINALIS CORTEX) 12 g, Zhigiao (AURANTII
FRUCTUS) 10 g, Yujin (CURCUMAE RADIX) 12 g, Qingbanxia (PINELLIAE
RHIZOMA PRAEPARATUM CUM ALUMINE) 15 g, Baishao (PAEONIAE RADIX
ALBA) 10 g, Baizhu (RHIZOMA ATRACTYLODIS) 15 g, Fuling (PORIA) 15 g,
Baihe (LILIl BULBUS) 15 g, Shanzha (CRATAEGI FRUCTUS) 15 g, Maiya
(HORDEI FRUCTUS GERMINATUS) 15 g, Shenqu (MEDICATED LEAVEN) 15 g,
Hehuanpi (ALBIZIAE CORTEX) 20 g

Chaihu (BUPLEURI RADIX) 6 g, Zhigiao (AURANTII FRUCTUS) 10 g, Baishao
(PAEONIAE RADIX ALBA) 12 g, Zhigancao (GLYCYRRHIZAE RADIX ET
RHIZOMA PRAEPARATA CUM MELLE) 6 g, Liangiao (FORSYTHIAE FRUCTUS)
10 g, Hehuanpi (ALBIZIAE CORTEX) 12 g, Xiangfu (CYPERI RHIZOMA) 6 g,
Muxiang (AUCKLANDIAE RADIX) 6 g, Qingbanxia (PINELLIAE RHIZOMA
PRAEPARATUM CUM ALUMINE) 9 g

NR, no report.

both dyspeptic symptoms and anxiety/depressive states
with good clinical safety. To our knowledge, no other
study has done a systematic review and meta-analysis
of any treatment for FD with psychological disorders.
Psychological factors are not only important in the

development of the FD, but also have an important impact
on the prognosis and quality of life of patients. Studies
have confirmed (Lin et al, 2019; Esterita et al, 2021)
that FD is significantly associated with depression and
anxiety disorders. The improvement of anxiety and sleep
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FIGURE 2 | Assessment of the risk of bias of CHM vs. placebo.

disorders contributes to sustained remission of FD symptoms
over a period of 3-6 months (Singh et al., 2021). Clinical
consideration of psychological factors may contribute to better
management of FD.

Previous meta-analyses have shown that CHM is significantly
better than placebo in improving global symptoms of dyspepsia
(Yu et al., 2016; Ho et al., 2022). Our study on the efficacy of
CHM vs. placebo in the treatment of FD with psychological
disorders showed better results than placebo in terms of
total effective rate, total syndrome score, and depression scale.

However, there was a high heterogeneity of the findings in
all these aspects. This may be related to the inconsistency
of the scales of assessment used in these aspects in the
included studies.

Our study further compared the efficacy of CHM with that
of positive medicine in the treatment of FD with psychological
disorders. The results showed that CHM was more beneficial in
the total effective rate, depression scale, HAMA score, and gastric
emptying rate compared to the mosapride/dopantelone + deanxit
group. Currently, pharmacologic treatment is the main
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FIGURE 3 | Assessment of the risk of bias of CHM vs. western medicine group.

treatment for FD, and for patients with psychological disorders,
psychotropic treatments are generally selected. However, due
to the complexity of the FD mechanism, the heterogeneity of
the resulting symptoms, and the fact that the same symptoms
may be caused by different etiologies, there is no uniform
therapeutic drug in clinical practice. This is the reason why the
selection of effective control drugs was more difficult in our
study. During the screening of the literature, it was found that
researchers chose a wide variety of control drugs, including

those using only prokinetics or acid inhibitors or psychotropic
drugs, as well as multiple drug combinations. The combination
of prokinetics with deanxit was the most studied, so we used this
as a control group.

One meta-analysis study found that there was no significant
difference in the therapeutic effect of the prokinetics
domperidone and mosapride in FD, so we combined the
studies of domperidone + deanxit with mosapride + deanxit for
analysis (Yang et al., 2017). In China, deanxit and fluoxetine were
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FIGURE 4 | Meta-analysis of total effective rate of CHM vs. placebo.
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FIGURE 5 | Meta-analysis of total effective rate of CHM vs. western medicine group.
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FIGURE 6 | Meta-analysis of total symptom score of CHM and placebo.
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FIGURE 7 | Meta-analysis of depression score of CHM vs. placebo.
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the most common anti-depressant drugs used for FD based on
a study in 2019 (Luo et al,, 2019). The efficacy of flupenthixol
melitracen on overall FD symptoms and on depression and
anxiety in patients with chronic somatic diseases has been
demonstrated (Hashash et al., 2008; Wang et al., 2015). Some
studies have shown that CHM is more effective than prokinetics
in relieving global dyspeptic symptoms (Chu et al., 2018; Ho
et al., 2021). Our study provides a stronger foundation for the
effectiveness of CHM in treating FD with psychological disorders
by comparing it with positive western medicine. However, there

was high heterogeneity in HAMA, HAMD scores, and gastric
emptying rate among the studies. The studies included different
levels of psychological disorders, so the baseline HAMA and
HAMD scores were inconsistent across studies. In addition,
differences in Chinese herbal prescriptions may have led to
differences in the degree of efficacy. The write-up of reasons may
explain the high heterogeneity of HAMA and HAMD scores.
Xi et al. (2014) did not introduce the test method of gastric
emptying rate, and the high heterogeneity of gastric emptying
rate still cannot be clearly explained.
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FIGURE 8 | Meta-analysis of HAMD score of CHM vs. western medicine group.
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FIGURE 9 | Meta-analysis of HAMA score of CHM vs. western medicine group.
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FIGURE 10 | Meta-analysis of gastric emptying rate of CHM vs. western medicine group.
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Furthermore, none of the medical treatments are proven to
alter the long-term natural history of FD (Ford et al., 2020).
But four inclusion trials (Du et al., 2014; Xi et al., 2014;
Zhang, 2014; Chen et al., 2020) reported better follow-up results
of CHM in our study. Du followed up for 6 months, and
there were five cases of recurrence in the placebo group. Chen
conducted a 4-week follow-up and found that six patients in
the placebo group relapsed and six patients in the CHM group
had no recurrence. Xi conducted a 6-month follow-up, six
cases recurred in the western medicine group and no cases
recurred in the CHM group. Zhang conducted a 3-month follow-
up and found that HAMD and gastric emptying were better
improved in Zhang, who conducted a 3-month follow-up and
found that HAMD and gastric emptying were better improved
in the CHM group.

In this meta-analysis, adverse reactions were not mentioned
in 2 of the 11 studies (Han and Wang, 2011; Lu and Chen,
2011). In the remaining studies, no serious adverse reactions
were found in the CHM group for FD with psychological
disorders. A meta-analysis result of Ford et al. (2017) showed
that the total numbers of adverse events, and the adverse
events leading to withdrawal in the psychotropic drugs group
were significantly more common than those in the placebo
group. In our study, there was no significant difference
in the incidence of adverse reactions compared with the
placebo or western medicine groups. It may be related to the
good safety of deanxit applied within 2 weeks (Luo et al,
2019). Previous clinical studies of CHM for the treatment
of FD have also shown a high level of safety (Yu et al,
2016; Chu et al.,, 2018; Gwee et al., 2021; Ho et al., 2021,
2022).

In conclusion, this study collected clinical data from RCTs and
evaluated systematically and objectively the clinical efficacy and
safety of CHM for FD with psychological disorders treatment
using evidence-based medicine. It provides evidence for the
efficacy and safety of CHM in the treatment of FD with
psychological disorders and suggests that CHM has great
potential in the clinical application of this disease. Also, in
agreement with Gwee et al. (2021), an attractive aspect of herbal
medicine is the prospect of targeting multiple pathophysiological
mechanisms simultaneously. In-depth mechanistic studies
should be followed up.
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Background: Irritable bowel syndrome (IBS) is a common disorder of gut-
brain interaction with challenging treatment. According to evidence-based studies,
acupuncture is likely to be a promising therapy and subservient adjunct for IBS.
Mechanism study of acupuncture based on related clinical trials of high quality,
nevertheless, is still vacant.

Aim: This study aims to assess the results and qualities of current clinical evidence
and conclude the relevant pathophysiological mechanisms and therapeutic effects of
acupuncture on IBS with diarrhea (IBS-D).

Methods: Literature from four databases, namely, PubMed, Cochrane Library,
EMBASE, and Web of Science, was systematically searched to obtain eligible
randomized controlled trials (RCTs), which contained mechanism research of
acupuncture treatment in IBS-D patients. Two independent reviewers completed data
extraction and quality evaluation using the RevMan 5.4.1 software.

Results: Ten trials that covered 19 items related to mechanism research were included
in this review. Acupuncture was reported to improve IBS-D symptoms and quality of life,
with positive effects in regulating brain-gut peptides, cerebral activities, neuroendocrine
functions, psychological state, and inflammatory Gl and hypersensitive intestinal tracts.

Conclusion: Acupuncture has potential influence on pathophysiology alterations such
as regulating brain-gut peptides, altering cerebral connectivity and activity, promoting
neuroendocrine functions and mental state, and mitigating inflammation as well as
hypersensitivity of bowels in IBS-D patients, but further studies of high quality are
still necessary.

Systematic Review Registration:
identifier [CRD42022320331].

[https://www.crd.york.ac.uk/PROSPERQ],

Keywords: brain-gut disorders, microbiota-gut-brain axis (MGB axis), acupuncture therapy, electroacupuncture
therapy, transcutaneous electrical acustimulation, systematic review, diarrhea-predominant irritable bowel
syndrome (IBS-D)
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Acupuncture for IBS-D

INTRODUCTION

Irritable bowel syndrome (IBS) is a functional gastrointestinal
(GI) disorder, or disorder of gut-brain interaction, affecting
almost 9.2% of the general population (Oka et al, 2020).
Without organic abnormalities, its clinical manifestations are
characterized by abdominal pain or flatulence, accompanied by
alteration in stool frequency or form (Mearin et al., 2016). IBS
is divided into four subtypes according to Rome IV criteria
(Drossman and Hasler, 2016), namely, IBS with constipation
(IBS-C), IBS with diarrhea (IBS-D), IBS with a mixed pattern of
constipation and diarrhea (IBS-M), and unclassified IBS, among
which IBS-D is the most prevalent.

The pathogenesis of IBS-D is considered to be associated
with genetic and environmental factors, but the particular
mechanisms still remain unclear. IBS-D is regarded as a
multifactorial disease, and stress was thought as the main cause
of IBS-D (Labus et al, 2019); but with more and deeper
investigations in recent years, the pathophysiology of IBS-D has
been ascribed to multiple possibilities such as inflammatory GI,
visceral hypersensitivity, genetic susceptibility, abnormal brain-
gut interactions, and altered gut microbiota (Tang et al., 2021),
rather than the simple response of the body to stress (Yaklai
et al,, 2021). Bohmelt et al. (2005) concluded that symptoms of
IBS-D were related to the central dysfunction of viscerosomatic
pathway led by the activation of immune-brain communication
via vagal afferent fibers and the hypothalamic-pituitary-adrenal
axis (HPA) (Bohmelt et al, 2005). To be more specific, the
role of inflammatory cytokines imbalance cannot be ignored
in IBS-D. Kumar et al. (2022) concluded that there seems
to be a trend existing in the condition of increased levels of
TNF-a and IL-6 and decreased level of IL-10. Besides, IL-10
is advocated as a potent cytokine target of anti-inflammatory
therapy, especially in IBS-D. Visceral hypersensitivity induced by
stress, reflected in the visceral pain threshold ordinarily, is also a
reliable symbol (Nozu and Okumura, 2022). Present studies have
demonstrated that genetic differences could be associated with
IBS-D risk and symptoms (abdominal pain, sleep disturbance,
and fatigue) (Zhao T. et al, 2022). Functional neuroimaging
aids in the detection of brain alterations in IBS-D patients, and
it is speculated that various functional disorders could have a
shared pathophysiology (Nistico et al., 2022). Referring to the
microbiota-gut-brain axis, impaired intestinal mast cells led by
the imbalance of intestinal flora excrete inflammatory mediators,
and then, neurotransmitters are released, thus inducing aberrant
intestinal motility and sensitivity (Chen et al., 2022). Thus,
its complicacy on pathophysiological mechanisms resulted in
restricted treatment methods, insufficient efficacy, and huge
financial burdens.

As a common ailment with significant impact, IBS-D affects
patients’ health as well as the quality of life (QOL), and the
management of it mostly concentrates on symptomatic relief.
Conventional remedies include pharmacological therapies
(such as antibiotics, antagonists of serotonin 5-HT3 receptors,
and antidepressants), dietary and lifestyle interventions,
fecal microbiota transplantation (FMT), and other non-
pharmacological approaches (Bonetto et al., 2021). However,

most of these methods are always accompanied by some
deficiencies or controversies. For instance, possible side effects
of 5-HT3 antagonists are ischemic colitis and constipation
(Adriani et al., 2018); another case in point is that the FMT was
proved to have obvious clinical benefits in 8 single-arm trails
but showed no superiority to placebo in 5 RCTs according to
a meta-analysis (Myneedu et al., 2019). According to statistics
from the United States, nearly two-thirds of IBS-D patients
gave unsatisfactory comments on their current therapies
(Zhang et al., 2022), the reason being the lack of efficacy or
concomitant side effects. Despite the urgent demand for curative
effect, the treatment of IBS-D is still challenging. Recently, a
considerable part of patients tended to seek for complementary
and interactive therapies, including acupuncture, moxibustion,
traditional Chinese herbal medicines, and cognitive behavioral
therapy. Although psychological interventions such as cognitive
behavioral therapy or meditation have not shown obvious side
effects, they are hard to be applied in long-term therapy for their
specificity of manipulation.

Acupuncture, as one of the most popular complementary and
alternative therapies, has been employed as an effective treatment
for a great deal of common and tricky diseases. Originated
in China, acupuncture has been successfully introduced into
other countries. Data from the World Health Organization
(WHO) showed that more than half of its member countries
(103/194) had included acupuncture as a common treatment
in their healthcare systems (Zhuang et al., 2013); 29 countries
including Japan, Korea, the United States, and Canada had
also approved legislation on acupuncture (Zhang et al., 2022).
In the theoretical system of Traditional Chinese Medicine
(TCM), acupuncture is defined as a therapeutic approach that
regulates Qi (a TCM team that can be simply understood
as a kind of energy) and blood through stimulating specific
points (acupoints) in bodies. Modern relevant studies have
found that its possible biological mechanisms are related to
the microbiota-gut-brain (MGB) axis involving multiple factors
such as neurotransmitters, immune regulation, oxidative stress,
and intestinal flora (Zhang et al., 2022). Therefore, acupuncture
has been applied to improve the imbalance of GMB in many
diseases such as gastritis, colitis, obesity, and hypertension
(Zheng et al., 2016; Wei et al.,, 2019). According to evidence-
based studies (Huang et al., 2021; Zhao Y. et al, 2022),
acupuncture is likely to be a promising therapy and subservient
adjunct for IBS-D through modulating gut-brain axis and gut
microbiome, but relevant evidence has not been systematically
summarized until now. On the one hand, acupuncture was
proved to exert more favorable effects than other interventions
(pharmacological treatments) (Manheimer et al., 2012). On the
other hand, acupuncture was compared with sham acupuncture
but did not show a significant advantage in therapeutic
efficacy (Lowe et al., 2017). Moreover, acupoints selection and
parameters of acupuncture differ from each other in diverse
studies, making it difficult to evaluate the authentic effects of
acupuncture on IBS-D. Due to the low-quality evidence provided
by systematic reviews and meta-analyses, the conclusion that
acupuncture has exact beneficial effects for IBS-D still needs
further confirmation.
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On this account, to better understand the pathophysiological
mechanisms and therapeutic effects of acupuncture on IBS-D
in clinical studies, this study made efforts to summarize and
assess concerning trials as comprehensively as possible. Based
on diverse manipulations, the three most common types of
acupuncture employed clinically, namely, manual acupuncture
(MA), electroacupuncture (EA), and transcutaneous electrical
acustimulation (TEA; Chen et al., 2018), are chosen in this article.

MATERIALS AND METHODS

Protocol and Registration
The protocol of this systematic
in the International Prospective
Reviews (PROSPERO),! and the
is CRD42022320331.

review was registered
Register of Systematic
registration number

Selection Criteria

Study Designs

Randomized controlled trials (RCTs) published in peer-
reviewed journals, with no restrictions on published date or
language, were included.

Participants

Adults who were diagnosed with IBS-D under Rome
I~IV Criteria were included. There were no restrictions
on gender or race.

Interventions

Trials that applied acupuncture therapy (mainly include MA, EA,
and TEA; exclude acupoint moxibustion, acupoint embedding,
and acupoint injection) in IBS-D patients were included. There
were no limitations on the number of acupoints or the
duration of treatment.

Comparators

Trials that compared sham acupuncture, moxibustion,
medication, and no interventions with the experimental group
were included (sham acupuncture and moxibustion should
operate on the same acupoints as the experimental group).

Main Outcomes

Trials that conducted measurements containing mechanism
research (serology such as inflammatory cytokines, visceral
sensitivity, cerebral imaging, electroencephalogram, and
questionnaires of mental status) on acupuncture were included.

Search Strategy

A comprehensive search on relevant literature, the publication
date of which was from inception to 20 March 2022, was
accomplished in four databases, namely, PubMed, Cochrane
Library, EMBASE, and Web of Science. Medical Subject Headings
(MeSH) and entry terms of keywords were accessed from each
database and then combined. The full search strategies of four
databases were attached in the Supplementary Material.

Uhttps://www.crd.york.ac.uk/PROSPERO

Study Selection and Data Extraction

Two researchers estimated the qualification of studies
independently through browsing titles, abstracts, and full
texts in proper order under the selection criteria above. Two
researchers extracted data from included studies and checked
the accuracy. Detailed information of extracted data is as
follows: the first author, year of publication, study design,
participant characteristics (including total number, gender,
group allocation, and diagnostic standard), interventions
(acupoints selection, duration, and frequency of treatment),
main outcomes, and mechanism research. Any disagreement
was resolved by discussion until consensus was reached or by
consulting a third reviewer.

Quality Assessment

Two researchers assessed the methodological quality and risk bias
(random sequence generation, allocation concealment, blinding
method, incomplete outcome data, selective reporting, and other
bias) of all included studies using the RevMan 5.4.1 software
(Cochrane Collaboration, Oxford, United Kingdom) based on
Cochrane Handbook for Systematic Reviews. Any disagreement
was resolved by discussion until consensus was reached or by
consulting a third researcher.

RESULTS

Study Selection

The process of study selection based on PRISMA is shown in
Figure 1. In total, 390 potential documents were retrieved from
four databases, and of them, 180 documents remained after
duplicate removal, which were to be examined through titles
and abstracts soon afterward. Subsequently, 14 RCTs appeared to
satisfy the included criteria and were carefully scanned with full
texts. Two independent reviewers decided on the final 10 trials
(Schneider et al., 2007; Chu et al., 2012; Wu et al., 2013; Zhan
et al., 2014; Li, 2015; Zhao et al., 2015; Zhenzhong et al., 2015;
Guo et al., 2021; Hu et al., 2021; Sun et al.,, 2021) to be included
until consensus was reached.

Study Characteristics

Characteristics of ten included studies are shown in Table 1.
Publication date of the ultimate 10 studies in this review ranged
from 2007 to 2022, and a total of 665 participants were involved
while the exact number of each study varied from 30 to 231.
The percentage of females in these participants was 51.4-82.4%,
unknown in two trials (Zhao et al, 2015; Zhenzhong et al,
2015). The intervention methods in experimental groups were
all acupuncture, including MA, EA, and TEA. Three of them
(Schneider et al., 2007; Chu et al., 2012; Hu et al., 2021) took
sham acupuncture as contrast, compared to four (Wu et al., 2013;
Zhan et al,, 2014; Li, 2015; Guo et al., 2021) using medication
treatment and two (Zhao et al., 2015; Zhenzhong et al., 2015)
with moxibustion. Nine studies (Schneider et al., 2007; Wu
et al., 2013; Zhan et al, 2014; Li, 2015; Zhao et al., 2015;
Zhenzhong et al., 2015; Guo et al., 2021; Hu et al.,, 2021; Sun
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FIGURE 1 | Process of study selection based on PRISMA.
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et al., 2021) adopted certain gastrointestinal symptom scales
to reflect the acupuncture efficacy in IBS-D (see Figure 2A),
and quality of life scales (QOL) were put to use in four trials
(Schneider et al., 2007; Guo et al., 2021; Hu et al.,, 2021; Sun
etal, 2021) (see Figure 2B). As for mechanism research, 19 items
in aggregate from manifold categories (inflammatory cytokines,
genetic polymorphism, mental status, visceral sensation, stress
hormones, neurotransmitters and their receptors, autonomic
functions and brain activation) were investigated in studies (see
Figure 2C). Detailed information of study characteristics was
shown in Table 2.

Clinical Effects

Gastrointestinal Symptoms and Quality of Life

Nine studies indicated decreased GI symptom scores after the
acupuncture treatment based on multiple methods and symptom
scales (Figure 2A), making it difficult to evaluate these results
in a synthetic way. Four of these trials reported improvements
in QOL under acupuncture treatment, and the IBS-QOL was the
most selected scale to measure GI symptoms in IBS-D among the
studies (Figure 2B).

Pathophysiology

Inflammatory Cytokines

Five inflammatory cytokines were tested in two trials (Wu et al,,
2013; Hu et al., 2021), including interleukin 10 (IL-10), IL-6, IL-4,
IL-2, and interferon-y (INF-y). All the items were assessed from
the blood samples using corresponding commercial kits. In the

study by Hu et al. (2021), IL-10 and IL-6 were not significantly
changed after TEA treatment. The other trial (Wu et al., 2013)
took INF-y, IL-2, IL-4, and IL-10 as targets and demonstrated
that IL-4 and IL-10 levels were obviously increased, while no
significant alteration was observed in INF-y and IL-2 levels.

Visceral Sensation

Two studies conducted rectum distension and recorded the
maximum tolerable thresholds pressure during the trial (Chu
et al., 2012; Zhao et al., 2015). Zhao et al. (2015) put a plastic
balloon in patients’ rectum and progressively injected gas into
it, while Chu et al. (2012) accomplished that with a computer-
driven barostat. Their results were quite different. The former
proved that significant increase in maximum pain perception
thresholds was observed after EA treatment, but the latter
indicated no obvious change.

Mental Status

Depression and anxiety were two main objects to appraise
mental status. Two studies evaluated depression and anxiety
state with Hamilton Depression Rating Scale (HAMD) and/or
Hamilton Anxiety Rating Scale (HAMA), reporting improvement
in psychological condition after MA and EA.

Stress Hormones

Measurement of salivary cortisol was processed by radioimmune
assay in one study (Schneider et al., 2007). After acupuncture
treatment, the cortisol concentrations showed significant
reduction at all assessment points.
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TABLE 1 | Characteristics of included studies of acupuncture vs. sham acupuncture, medication, and moxibustion in treating Diarrhea-Predominant Irritable Bowel

Syndrome.

References

Design

Participants

Interventions

Main outcomes

Mechanism research

Hu et al., 2021

Guo et al.,
2021

Sun et al., 2021

Li, 2015

Zhenzhong
etal., 2015

Zhao et al.,
2015

Zhan et al.,
2014

Wu et al., 2013

Chu et al.,
2012

Schneider
etal., 2007

Parallel

Parallel

Parallel

Parallel

Parallel

Parallel

Parallel

Parallel

Parallel

Parallel

n: 37 (F 19); Age (mean): TEA
(44.4 +13.4), CONT
(45.4 + 11.7); Groups (n): TEA
(21), CONT (16); Diagnosis:
Rome IV

n: 231 (F 103); Age (mean): MA
(46 £+ 12), CONT (44 + 13);
Groups (n): MA (154), CONT

(77); Diagnosis: Rome Ill

n: 73 (F 39); Age (mean):
MA + EA (39 £+ 10), EA
(41 £ 10); Groups (n): MA + EA
(36), EA (37); Diagnosis: Rome
\%

n: 60 (F 33); Age (mean): MA
(32), CONT (34); Groups (n):
MA (30), CONT (30); Diagnosis:
Rome Il

n: 41 (F NA); Age (mean): EA
(89 + 5), Mox (39 =+ 8); Groups
(n): EA (19), Mox (22);
Diagnosis: Rome Il
n: 62 (F NA); Age (mean): EA
(42.75 + 10.22), Mox
(839.53 + 8.91); Groups (n): EA
(32), Mox (30); Diagnosis:
Rome Il

n: 57 (F 36); Age (mean): MA

(42 + 14), CONT (37 + 13);

Groups (n): MA (29), CONT
(28); Diagnosis: Rome Ill

n: 40 (F 22); Age (mean): MA

(41 £ 13), CONT (39 + 13);

Groups (n): MA (21), CONT
(19); Diagnosis: Rome Ill

n: 30 (F 15); Age (mean): EA
(42.3 £ 12.2), SA (44.2 + 14.5);
Groups (n): MA (15), CONT
(15); Diagnosis: Rome Ill

n: 34 (F 28); Age (mean): MA
(46.23 + 15.00), SA
(41.80 + 14.51); Groups (n):
MA (19), CONT (15); Diagnosis:
Rome I

EXP: TEA (L4, ST36); CONT: Sham TEA
(L4, ST36, no current delivered); Duration
and frequency: EXP&CONT: 30 min, twice

per d, for 1 month

EXP: MA (GV20, GV29, ST25, ST36, ST37,
SP86, LR3); CONT: Oral pinaverium bromide
tablets; Duration and frequency: EXP:
30 min, once every other d, for 6 wk;
CONT: 50 mg, tid, for 6 wk

EXP: MA (GV20, GV24, GB13); CONT:
MA + EA (CV4, CV12, ST25, BL25, ST36,
ST37, L4, LR3); Duration and frequency:
EXP&CONT: 30 min, once per d, 6 times

per wk, for 4 consecutive wk

EXP: MA (CV6, CV12, ST25, ST36, ST37,
ST39, SP6, SP7, SP9); CONT: Oral
pinaverium bromide tablets; Duration and
frequency: EXP: 25 min, once per d, 5
times per wk, for 4 wk; CONT: 50mg, tid,
for 4 wk
EXP: EA (ST36, ST37); CONT: Moxibustion
(ST36, ST37); Duration and frequency:
EXP&CONT: 30 min, once per d, 6 times
per wk, for 4 consecutive wk

EXP: EA (ST25, ST37); CONT: Moxibustion
(ST25, ST37); Duration and frequency:
EXP&CONT: 30 min, once per d, 6 times
per wk, for 4 consecutive wk

EXP: MA (GV20, GV29, LR3, ST25, ST36,
ST37, SP6); CONT: Oral live combined
bifidobacterium and lactobacillus
tablets/pinaverium bromide tablets;
Duration and frequency: EXP: 30 min, once
per d, 5 times per wk, for 4 wk; CONT: 2 g,
tid/50 mg, tid, for 4 wk
EXP: MA (GV20, GV29, LR3, ST25, ST36,
ST37, SP6); CONT: Oral live combined
bifidobacterium and lactobacillus
tablets/pinaverium bromide tablets;
Duration and frequency: EXP: 30 min, once
per d, 5 times per wk, for 4 wk; CONT: 2 g,
bid/50 mg, tid, for 4 wk

EXP: EA (ST36, ST37, SP6); CONT: Sham
EA (ST36, ST37, SP6; touch but not
penetrate into acupoints); Duration:

EXP&CONT: 15 and 30 min, once during

MRI
EXP: MA (LRS3, ST21, ST25, ST36, SP6,

HT7, GV20, RN12); CONT: Sham MA (LR3,
ST21, ST25, ST36, SP6, HT7, GV20,
RN12; 2 cm adjacent to acupoints);

Duration and frequency: EXP&CONT: twice

a wk, for 5 wk

Decreased VAS scores in TEA
and greater than SA (P < 0.05);
improved IBS-QOL scores in
TEA not in SA; decreased
IBS-SSS scores in both TEA
and SA

Decreased IBS-SSS scores in
MA and greater than CONT
(P < 0.01); improved IBS-QOL
in MA and greater than CONT
(P < 0.01)
Decreased IBS-SSS scores in
MA + EA and greater than EA
(P < 0.05); improved IBS-QOL
in MA + EA and greater than
EA (P < 0.05)
Decreased symptom scores in
MA and greater than CONT
(P < 0.05) (symptom scores
without identified source)

Decreased VAS scores in both

EA and Mox; decreased BSFS

scores in Mox and greater than
EA (P < 0.001)

Decreased VAS scores in both
EA and Mox; decreased BSFS
scores in Mox not in EA;
decreased HAMD and HAMA
scores in both EA and Mox
(P <0.050rP <0.01)
Decreased Rome Il IBS
symptom scores in MA and
greater than CONT (P < 0.01);
significantly higher PR in MA
than CONT (P < 0.05)

Decreased symptom scores in
MA and greater than CONT
(P < 0.05) (symptom scores

without identified source);
significantly higher PR in MA
than CONT (P < 0.05)

Decreased FDDQL global
scores and SF-36 pain scales
in both MA and SA

Inflammatory cytokines
(Serum; IL-10 and IL-6);
Neurotransmitters
(Serum, NE); GI
hormones (Serum, PP)

Genetic polymorphism
(5-HTTLPR)

Mental status (HAMD)

Neurotransmitters
(Serum; VIP and 5-HT)

Neurotransmitters
(Colon tissue; SP and
VIP)

Mental status (HAMD
and HAMA);
Neurotransmitters
(Sigmoid tissue; 5-HT,
5-HT3R and 5-HT4R);
Brain activation (fMRI)
Neurotransmitters
(Serum; 5-HT)

Inflammatory cytokines
(Serum; IFN-y, IL-2,
IL-4, IL-10 and
IFN-y/IL-4)

Brain activation (fMRI)

Stress hormones
(salivary cortisol);
Autonomic functions
(ECG)

BSFS, Bristol Stool Form Scale; CONT, control group; EA, electroacupuncture;, ECG, electrocardiogram, EXR, experimental group; F, female; FDDQL, functional digestive
diseases quality of life; fMRI, functional magnetic resonance imaging;, HAMA, Hamilton Anxiety Rating Scale; HAMD, Hamilton Depression Rating Scale; IBS-QOL,
IBS quality of life; IBS-SSS, IBS severity scoring system; IFN-vy, interferon vy, IL, interleukin;, MA, manual acupuncture; Mox, moxibustion; NE, norepinephrine; PR,
pancreatic polypeptide; PR, proportion of responders; SA, sham acupuncture/TEA; SF-36, 36-Item Short Form Survey; SF, substance P; TEA, transcutaneous electrical
acustimulation; VAS, visual analog scale; VIF, vasoactive intestinal peptide; 5-HT, 5-hydroxytryptamine; 5-HT3R, serotonin receptor 3; 5-HT4R, serotonin receptor 4;
5-HTTLPR, serotonin transporter.
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FIGURE 2 | (A) Number of items for different scales of IBS-D symptoms; (B) Number of items for different scales of QOL; (C) Number of items for different
mechanism research. BSFS, Bristol Stool Form Scale; FDDQL, functional digestive diseases quality of life; IBS-QOL, IBS quality of life; IBS-SSS, IBS severity scoring
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Genetic Polymorphism

The serotonin transporter polymorphism (5-HTTLPR)
genotypes were determined by means of DNA amplification
with polymerase chain reaction (PCR) in one study (Guo et al.,
2021). The results indicated that there could be a correlation
between clinical efficacy of acupuncture and 5-HTTLPR
polymorphism, and the efficacy is more obvious in patients with
LS and SS genotypes.

Mechanisms

Neurotransmitters and Their Receptors

Six neurotransmitters were tested in five of the ten trials
(Zhan et al, 2014; Li, 2015; Zhao et al., 2015; Zhenzhong
et al,, 2015; Hu et al, 2021), including norepinephrine (NE),
vasoactive intestinal peptide (VIP), substance P (SP), 5-
hydroxytryptamine (5-HT), and serotonin receptor 3 and
receptor 4 (5-HT3R/5-HT4R). Enzyme-linked immunosorbent
assay (ELISA) and immunohistochemical (IHC) staining
were applied as testing methods in studies, from which
MA/EA was reported to decrease VIP, SP, 5-HT, and its
receptors levels, but NE levels alteration was not significant
after TEA.

Brain Activation

By means of functional magnetic resonance imaging (fMRI), one
study observed decreased activated voxel values in the functional
brain areas of the prefrontal cortex (PFC, the senior center of
feeling pain) under stimulation with colorectal distension (CRD)
after EA treatment (Zhao et al., 2015). In addition, another study,
treated with EA as well, reported a significantly higher activation
in the right insula, pulvinar, and medial nucleus of the thalamus
under fMRI (Chu et al., 2012).

Autonomic Functions

The NE and pancreatic polypeptide (PP) were assessed in one
study using a reagent test kit (Hu et al., 2021), to reflect the
sympathetic activity and vagal activity. After TEA treatment,

however, NE and PP levels did not vary significantly. Besides, one
more trial showed an acupuncture-induced decrease in heart rate
response through electrocardiogram (ECG) during orthostatic
stress (Schneider et al., 2007), which indicated an increase in
parasympathetic tone.

Methodological Quality

The risk of bias graph and summary of assessment on
methodological quality about included studies were displayed
in Figure 3. All studies showed a low risk in selection
bias (random sequence generation). The risk of selection bias
(allocation concealment), detection bias (blinding of outcome
assessment), attrition bias (incomplete outcome data), and
reporting bias (selective reporting) was unclear in most trials
due to the lack of detailed illustrations or experiment protocols
previously. A proportion of studies manifested a high risk in
performance bias (blinding of participants and personnel), owing
to the non-acupuncture control groups such as oral medicine
and moxibustion.

DISCUSSION

In view of the sophisticated and multifactorial pathophysiology,
general symptomatic treatment like pharmacotherapy is
incapable to appease the momentous requirement for care
in IBS-D patients (De Ponti, 2013). It has been calculated
that 30-50% of patients with IBS-D take complementary and
alternative medicine (CAM) therapies to relieve their symptoms
(Nguyen, 2018), and clinical evidence supporting the utilization
of acupuncture is demonstrating that CAM interventions like
this present improvement in IBS-D overall symptoms and
QOL indeed (Grundmann and Yoon, 2014). Acupuncture has
been widely used in the treatment of GI dysfunctions such as
IBS-D, inflammatory bowel disease, and functional dyspepsia.
As the most classical method, MA is commonly applied in
various modes, which might exert quite different impacts on
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FIGURE 3 | Risk of bias graph and summary of included studies.
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TABLE 2 | Mechanism research of included studies.

Research methods
and techniques

Reference Detecting items

Main results

Brain-gut peptides (neurotransmitters and Gl hormones)

Hu et al., 2021 Serum NE and PP levels Corresponding
commercial kits

Li, 2015 Serum VIP and 5-HT levels ELISA

Zhenzhong et al., Colon tissue SP and VIP levels Immunohistochemical

2015 staining

Zhao et al., 2015 Sigmoid tissue 5-HT, 5-HT3R Immunohistochemical
and 5-HT4R levels staining

Zhan et al., 2014 Serum 5-HT levels ELISA

Cerebral activities

Zhao et al., 2015 Brain activation MRI

Chu et al., 2012 Brain activation fMRI

Neuroendocrine functions

Hu et al., 2021 Serum NE and PP levels Corresponding

commercial kits

Schneider et al., Salivary cortisol levels Radioimmune assay

2007 Heart rate and blood pressure ECG
Mental status
Sun et al., 2021 Depression HAMD

Zhao et al., 2015
Inflammation and hypersensitivity of the bowels

Depression and anxiety HAMD and HAMA

Hu et al., 2021 Serum IL-10 and IL-6 levels Corresponding
commercial kits
Wu et al., 2013 Serum IFN-y, IL-2, IL-4, IL-10 Not mentioned

and IFN-y/IL-4

Zhao et al., 2015 Rectal sensory thresholds VAS
Chu et al., 2012 Rectal sensation Likert scale
Genetic

polymorphism

Guo et al., 2021 5-HTTLPR Genetic

polymorphism

No significant alteration in NE and PP levels with TEA nor with sham TEA

Decreased serum VIP and 5-HT levels in MA and greater than CONT (P < 0.05)
Decreased SP and VIP expression in both EA and Mox

Decreased 5-HT3R and 5-HT4R expression in both EA and Mox; decreased 5-HT
expression in Mox and greater than EA (P < 0.05)

Decreased serum 5-HT levels in both MA and CONT

Decreased voxel values of PFC in EA

Significantly higher activation at right insula, pulvinar and medial nucleus of the
thalamus was observed in EA compared to SA

No significant alteration in NE and PP levels with TEA nor with sham TEA

Decreased cortisol concentrations in MA not in SA
Parasympathetically decreased heart rate response in MA not in SA during
orthostasis

Decreased HAMD scores in MA + EA and greater than EA (P < 0.05)
Decreased HAMD and HAMA scores in both EA and Mox (P < 0.05 or P < 0.01)

No significant alteration in IL-10 and IL-6 levels with TEA nor with sham TEA

Improved serum IL-4 and IL-10 in MA and greater than CONT (P < 0.05);
decreased serum IFN-y/IL-4 in MA and greater than CONT (P < 0.01)

Significant increases in the urgent defecation perception thresholds and maximum
pain perception thresholds were observed in both EA and Mox groups after
treatment (P < 0.05 or P < 0.01)

A significant correlation (P < 0.005) between subjective rectal pain rating and brain
activation was observed in hypothalamus, bilateral thalami and bilateral insula

SS genotypes take over a higher proportion in IBS-D patients; curative effect of
acupuncture was better in LS and SS genotypes than LL and the same genotype in
CONT

CONT, control group, EA, electroacupuncture; ECG, electrocardiogram; ELISA, enzyme-linked immunosorbent assay; fMRI, functional magnetic resonance imaging;
HAMA, Hamilton Anxiety Rating Scale; HAMD, Hamilton Depression Rating Scale; IFN-v, interferon vy; IL, interleukin; MA, manual acupuncture; LS, SS, and LL,
three genotypes in 5-HTTLPR; Mox, moxibustion; NE, norepinephrine; PFC, prefrontal cortex (the senior center of feeling pain); PR, pancreatic polypeptide; SA, sham
acupuncture/TEA; SR, substance P; TEA, transcutaneous electrical acustimulation,; VAS, visual analog scale; VIP, vasoactive intestinal peptide; 5-HT, 5-hydroxytryptamine;
5-HT3R, serotonin receptor 3; 5-HT4R, serotonin receptor 4, 5-HTTLPR, serotonin transporter.

one disease (Guo Y. et al., 2020). Compared with the uncertain
factitiousness of MA, EA seems to be a more reliable approach
due to the additional neuromodulation conducted by machines.
It is approved that electrical stimulation from EA improves
nausea and vomiting, encelialgia, delayed gastric emptying, and
myoelectric activity (Sarosiek et al., 2017). TEA replaces the
needles of EA with self-adhesive electrodes laid on acupoints
(Qu et al, 2017) and becomes a more accepted treatment for
its convenience and economy (Chen et al., 2018). Acupoints
have been emphasized as crucial elements for the effects of
acupuncture, and by stimulating the specific acupoints, the
required efficacy can be achieved. Several studies have reviewed
and concluded the most commonly used acupoints for IBS-D,

including ST25, ST36, CV12, LR3, SP6, GV20, etc. (Zhu et al,,
2018; Yan et al, 2019; Su et al, 2021; Zhang et al, 2022).
Acupuncture has been approved to realize the symptom relief
and the quality-of-life improvement in mild and moderate
IBS-D according to a Delphi expert consensus (Su et al., 2021).
Mechanism study of acupuncture based on IBS-related clinical
trials of high quality, nevertheless, is still insufficient. The
primary aim of this review is to summarize and reveal the
underlying mechanisms of acupuncture treating IBS-D based on
the studies published at present.

We combined RCTs with mechanism studies of acupuncture
in remedying IBS-D patients in this systematic review and
concluded the extant indications that were likely to provide
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conceivable explanations for the curative effects of acupuncture
by evidence-based evaluation. In this review, we found that a
majority of RCTs laid their emphasis on brain-gut peptides,
cerebral activities, neuroendocrine functions, psychological state,
and inflammatory GI and hypersensitive intestinal tracts to
clarify potential mechanisms of acupuncture. All ten studies
pointed out that acupuncture therapies, such as MA, EA, and
TEA, were of certain benefit in relieving IBS-D symptoms, and
four studies reported improvement in the QOL of IBS, which
was in accordance with a previous investigation (Guo J. et al,,
2020) in the rough.

The IBS-D is defined as a disorder of gut-brain interaction
since Rome IV came out (Drossman et al, 2018). In pace
with further studies, it is also labeled as a disturbance
of MGB axis (Hillestad et al, 2022), which consists of
gut microbiota, intestinal epithelial barrier, neurotransmitters,
enteric nervous system (ENS), central nervous system (CNS),
autonomic nervous system, and hypothalamic-pituitary-adrenal
(HPA) axis, participating in the bidirectional communication
between gut and brain (Gros et al, 2021). At present, the
available proof has attested the important role of brain-
gut peptides (including neurotransmitters and GI hormones)
in regulating the MGB axis on IBS-D pathophysiology, in
consideration that many physiological manifestations such
as GI motility abnormalities, visceral paresthesias, central
disorders, and psychosocial factors (anxiety and depression)
are associated with them (Mayer et al, 2019; Chen et al,
2022). Serotonin (also called 5-hydroxytriptamin, 5-HT) that
serves as a critical neurotransmitter in the body and as a
paracrine messenger in GI (Mittal et al., 2017) is reported
to control neurological functions and modulate GI secretion,
peristalsis, and absorption plus visceral hyperalgesia (Spohn
and Mawe, 2017). Serotonin receptors are widely believed
to play a part in anxiety and depression performances,
among which the inhibition of 5-HT3R and the activation
of 5-HT4R could realize anti-depressant effects (Zmudzka
et al, 2018). In addition, 5-HT3R intervenes in the gut-
brain communication, modulating gut motility and visceral
pain signaling (Breit et al., 2018); both 5-HT3R and 5-
HT4R mediate gastric accommodation (Gros et al, 2021).
Imbalance in norepinephrine (NE) along with serotonin levels
influences the comorbidity between emotional distress to a great
extent (Chavez-Castillo et al., 2019), but relevant studies on
investigating the function of NE are limited (Barandouzi et al.,
2022). Intestinal NE can enhance the growth of Escherichia
coli (E. coli) and promote intestinal motility to form biofilm
and virulence of E. coli (Jubelin et al., 2018). As one of the
main mediators of stress, which could be a risk factor for
IBS-D, a high NE level is correlated with anxiety disorders
(Gros et al, 2021). In terms of alteration in GI motility,
vasoactive intestinal peptide (VIP) and substance P (SP) are
bound to be mentioned, which also involve pathological reactions
such as abdominal pain or discomfort, abnormal defecation,
and visceral hypersensitivity (Bednarska et al., 2017). As a
GI hormone, pancreatic polypeptide (PP) is deemed as a
marker to evaluate vagal efferent activity (Simonian et al,
2005), and studies showed that the PP level dropped in the

TEA group (Song et al,, 2018). In this review, four studies
demonstrated a reduction in 5-HT, 5-HT3R, 5-HT4R, VIP, and
SP levels after MA/EA treatment (Zhan et al., 2014; Li, 2015;
Zhao et al., 2015; Zhenzhong et al., 2015). Hu et al. (2021) found
that NE levels were not changed significantly with TEA; however,
the potential autonomic mechanism of it should not be ignored
because factors like differences in manipulation (selection of
stimulation parameters and acupoints), experimental conditions,
or patient population could probably affect autonomic functions.
Furthermore, TEA-induced reduction of NE showed a borderline
negative correlation with improvement in abdominal pain,
suggesting that over-dynamic sympathetic nerve might exert a
limited function on abdominal pain.

To help understand the pathophysiological mechanisms of
IBS-D, functional magnetic resonance imaging (fMRI) has
been applied in a large proportion of studies, which put
their emphasis on structural and functional brain connectivity
(Kano et al., 2020). Some studies based on psychological
abnormalities in IBS-D patients indicated a correlation between
GI symptoms, severity of mentation and unusual activation of
certain cerebral regions (Drossman et al., 2003) (enhanced or
decreased activation in the ACC, IC and PFC (Silverman et al.,
1997)). One study in this review showed decreased activation
of PFC after EA treatment (Zhao et al., 2015); another study
formulated that acupuncture might exert potential influence
on the modulation of 5-HT pathway in insula and mood
via ascending pathway in the higher cortical center (pulvinar
and medical nucleus of the thalamus) to process pain in IBS-
D (Chu et al, 2012). As for autonomic functions, NE and
PP levels, which were used to reflect sympathetic activity
and vagal activity, respectively, in a study (Hu et al, 2021),
did not change significantly with TEA; another study showed
decreased heart rate response and increased parasympathetic
tone through ECG with MA. In addition, there was a significant
relation between the decrease in heart rate response and
increase in pain-related QOL (SF-36) in MA (Hu et al., 2021).
An early trial displayed an augmented parasympathetic tone
accompanied by the palpable abatement of salivary cortisol
and alleviation of pain in response to acupuncture treatment,
which coincides with the overactive axis in IBS-D patients
(Posserud et al., 2004).

Anxiety and depression are thought to exist in 30-50%
of patients with chronic GI symptoms (Lee et al, 2017) and
are associated with the brain-gut axis, suggesting that more
emphasis should be attached to the inspection and management
of neuropsychiatric symptoms (Dao et al, 2021). Empirical
evidence declares that such psychosomatic symptoms lead to a
double acceleration in the morbidity of GI symptoms as well
(Takajo et al., 2019). Two studies applied Hamilton Depression
Rating Scale (HAMD) and/or Hamilton Anxiety Rating Scale
(HAMA) to estimate the mental status of IBS-D patients and
reported a pronounced decrease in scores after MA and/or EA
(Zhao et al., 2015; Sun et al., 2021).

Two studies tried to validate the anti-inflammatory effect of
TEA and MA through detecting cytokines. One trial assessed the
serum levels of IL-6 and IL-10, which were pro-inflammatory
and anti-inflammatory cytokines, respectively, and showed that

Frontiers in Neuroscience | www.frontiersin.org

140

July 2022 | Volume 16 | Article 918701


https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Zhang et al.

Acupuncture for IBS-D

TEA treatment did not significantly change neither IL-6 nor
IL-10 levels in comparison with sham TEA (Hu et al., 2021).
The other trial took peripheral Thl cytokine INF-y and IL-2,
Th2 cytokines IL-4 and IL-10 as targets and demonstrated that
anti-inflammatory cytokines (IL-4, IL-10) levels were obviously
elevated under acupuncture treatment, while no significant
alteration was observed in pro-inflammatory cytokines (INF-y
and IL-2), verifying the upregulation effect of acupuncture on
Th2 cytokines level and the recovery on imbalanced Th1/Th2
(Wu et al,, 2013). It has been speculated by a previous researcher
(Zhang et al.,, 2018) that TEA might activate peripheral nerves
and deliver a signal to the center where the cerebrum processes
signals and exports a stronger vagal efferent semaphore, and
subsequently, the gut releases acetylcholine to make the secretion
of inflammatory cytokines back to a balance. Abdominal pain and
distension are typical characteristics of visceral hypersensitivity;
another two studies measured the sensibility of bowels via
proctectasia. One of them performed enhanced urgent defecation
perception thresholds and maximum pain perception thresholds
with EA (Zhao et al,, 2015); the other study showed no distinct
difference in pain tolerance, the possible reason of which was
attributed to a single session of EA by the author (Chu et al,,
2012). In the light of numerous findings, IBS-D has a bearing
on increased irritability of esthesioneure in the gut. EA regulates
intestinal motility, intestinal microflora (Song et al, 2020),
visceral receptor sensitivity, and brain-gut axis (Chen et al., 2019),
so as to mitigate the hypersensitive condition in irritable bowels
(Hu et al., 2021).

The differential transcriptional activity caused by
polymorphism in the promoter region of the gene coding
5-HTT (5-HTTLPR) was speculated to affect complicated
symptoms and diseases including IBS-D and affective disorders
(Goldman et al., 2010). Previous scholars have proved that 5-
HTTLPR polymorphism affects the activity of serotonin reuptake
transporter (SERT) and closely relates to the pathogenesis as
well as symptom burdens of IBS-D (Jia et al, 2019; Zhao T.
etal.,, 2022). One study in this review determined the 5-HTTLPR
genotypes of patients before acupuncture therapy, and they
were classified into three types, namely, LL, LS, and SS (L
stands for long and S stands for short). The results indicated the
correlation between the curative effect of MA and 5-HTTLPR
polymorphism, and it was more evident in LS and SS crowds.

Limitations and Expectations

Several limitations in this review are as follows: (1)
Heterogenicities among the included trials. In view of the
diverse designs (acupoints protocols), outcomes, evaluation
methods, and mechanisms in these studies, it is difficult to
merge the cognate data for further meta-analysis. (2) Inadequate
high-quality methodological studies. Critical clues such as
allocation concealment and blinding of outcome assessment
remain unavailable, which is possibly leading to untrustworthy
results and conclusions, especially under the undefined placebo
effects of acupuncture. Additionally, most included trials were
performed in one country (Zhuang et al., 2013; Zheng et al,,
2016; Adriani et al., 2018; Myneedu et al., 2019; Wei et al,
2019; Huang et al,, 2021; Zhang et al, 2022; Zhao Y. et al,

2022), accompanied by equivocal reporting bias. (3) Ignorance
of the impacts of other diseases. Most included studies focus
on intestinal tract symptoms to find out the mechanism of
acupuncture, thus neglecting the other factors. (4) Insufficient
types of outcome evaluation methods. For instance, there is
no study among these trials that utilize intestinal flora or food
sensitivities as endpoints to assess the effects of acupuncture.
To ameliorate these deficiencies, future studies should make
more efforts in experimental design and multi-area investigation.
Mechanism studies about acupuncture should lay more emphasis
on the MGB axis so as to keep abreast of the latest cognition and
consensus on pathophysiology in IBS-D.

CONCLUSION

In conclusion, this systematic review demonstrated the qualities
and results of relevant RCTs, indicating that acupuncture
therapies (MA, EA, and TEA) might improve the IBS-
D symptoms through regulating brain-gut peptides, altering
cerebral connectivity and activity, promoting neuroendocrine
functions and mental state, and mitigating inflammation as
well as hypersensitivity of bowels. In consideration that most
current studies only fix their attention on one or a few focal
points, the chain of evidence about mechanisms of acupuncture
on IBS-D patients seems to be quite scattered. This review
tried to summarize and integrate existing evidence through
available RCTs, hoping to provide acupuncturists and researchers
with some reliable information about the mechanisms of
acupuncture on IBS-D.
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Objective: Central glucagon-like peptide-1 (GLP-1) is a target in treating
obesity due to its effect on suppressing appetite, but the possible downstream
key genes that GLP-1 regulated have not been studied in depth. This study
intends to screen out the downstream feeding regulation genes of central
GLP-1 neurons through bioinformatics analysis and verify them by chemical
genetics, which may provide insights for future research.

Materials and methods: GSE135862 genetic expression profiles were
extracted from the Gene Expression Omnibus (GEO) database. The gene
ontology (GO) and Kyoto Encyclopedia of Genes and Genomes pathway
(KEGG) enrichment analyses were carried out. STRING database and
Cytoscape software were used to map the protein-protein interaction (PPI)
network of the differentially expressed genes (DEGs). After bioinformatics
analysis, we applied chemogenetic methods to modulate the activities of
GLP-1 neurons in the nucleus tractus solitarius (NTS) and observed the
alterations of screened differential genes and their protein expressions in the
hypothalamus under different excitatory conditions of GLP-1 neurons.

Results: A total of 49 DEGs were discovered, including 38 downregulated
genes and 11 upregulated genes. The two genes with the highest expression
scores were biglycan (Bgn) and mitogen-activated protein kinase activated
protein kinase 3 (Mapkapk3). The results of GO analysis showed that there
were 10 molecular functions of differential genes. Differential genes were
mainly localized in seven regions around the cells, and enriched in 10 biology
processes. The results of the KEGG signaling pathway enrichment analysis
showed that differential genes played an important role in seven pathways.
The top 15 genes selected according to the Cytoscape software included
Bgn and Mapkapk3. Chemogenetic activation of GLP-1 in NTS induced
a decrease in food intake and body mass, while chemogenetic inhibition
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induced the opposite effect. The gene and protein expression of GLP-1
were upregulated in NTS when activated by chemogenetics. In addition, the
expression of Bgn was upregulated and that of Mapkapk3 was downregulated

in the hypothalamus.

Conclusion: Our data showed that GLP-1 could modulate the protein
expression of Bgn and Mapkapk3. Our findings elucidated the regulatory
network in GLP-1 to obesity and might provide a novel diagnostic and
therapeutic target for obesity.

KEYWORDS

glucagon-like peptide-1 (GLP-1), appetite, obesity, bioinformatics, chemical genetics

Introduction

Over the past 40 years, the prevalence of obesity has
increased substantially worldwide. The prevalence in children
increased from less than 1% in 1975 to 6 to 8% in 2016, in
adult males increased from 3 to 11%, and in adult females
increased from 6 to 15% during the same period (Jaacks et al.,
2019). China has the highest number of obese people in the
world, with about 46% of adults and 15% of children suffering
from obesity or being overweight (Wang et al., 2019). As one
of the most important risk factors for diabetes, cardiovascular
disease, cancer, osteoarthritis, movement disorders, and sleep
apnea, obesity seriously affects human health (Seidell and
Halberstadt, 2015). One of the most effective solutions to obesity
is to control appetite and reduce caloric intake (Bray and
Siri-Tarino, 2016). Various therapies have shown efficacy to
treat obesity, including pharmacotherapy (Narayanaswami and
Dwoskin, 2017), operation therapy (Nudel and Sanchez, 2019),
and even traditional Chinese medicine (TCM) (Santos et al.,
2020; Ni et al., 2021).

Appetite is regulated by a complex system of central
that
individual’s response to nutrition. Peripheral regulation

and peripheral signals interact to modulate an

Abbreviations: GLP-1, glucagon-like peptide 1; GEO, gene expression
omnibus; GO, gene ontology; KEGG, Kyoto encyclopedia of genes and
genomes pathway; PPI, protein-protein interaction; DEGs, differentially
expressed genes; NTS, nucleus tractus solitarius; Bgn, biglycan;
Mapkapk3, mitogen-activated protein kinase activated protein kinase
3; TCM, traditional Chinese medicine; CCK, cholecystokinin; GLP1-
RA, GLP-1 receptor agonist; RIP-Seq, RNA co-immunoprecipitation
combined with high-throughput sequencing; DVC, dorsal vagal
complex; MBH, medial basal hypothalamus; logFC, log value of gene
fold change; BP, biological process; MF, molecular function; CC,
cellular component; FDR, false discovery rate; MCC, maximal clique
centrality; rAAV, adeno-associated virus; cre, cyclization recombination
enzyme; CNO, clozapine-N-oxide; WB, Western blotting; RT-qPCR,
reverse transcription-quantitative polymerase chain reaction; cDNA,
complementary DNA; IF, immunofluorescence; 10D, integrated optical
density; AP, posterior area; ECM, extracellular matrix; Erk1/2, extracellular
signal-regulated kinase; JNK, c-Jun N-terminal kinase.
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includes satiety signaling and adiposity signaling, whereas
central regulation is accomplished by a variety of factors,

including the neuropeptidergic, monoaminergic, and
endocannabinoid systems. Satiety signals mainly include
cholecystokinin  (CCK), GLP-1, and casein tyrosine

(Valassi et al., 2008).

Glucagon-like peptide 1 is an intestinal hormone that
is released in response to food intake. It can enhance the
stimulation of insulin synthesis and secretion by glucose
while inhibiting the secretion of glucagon and delaying gastric
emptying (D’Alessio, 2016). GLP-1 exerts an inhibitory effect on
food intake via its receptor GLP-1R, which is widely distributed
in the brain, gastrointestinal tract, and pancreas (Fakhry
et al., 2017). In clinical practice, medication and surgery are
widely used. The mechanisms of these interventions in treating
obesity are all related to the regulation of GLP-1 (Albaugh
et al, 2019; Luo et al, 2020). Some non-pharmaceutical
TCM therapies, such as acupuncture, have also shown the
potential to affect metabolism by modulating GLP-1 (Firouzjaei
et al., 2016). GLP-1 is well-known to medical workers as an
important hormone in appetite regulatory pathways, but little
is known about how they act in the central nervous system
and peripheral nervous system to produce enhanced satiety
and inhibit appetite mechanisms. At present, high-throughput
gene chip technology and bioinformatics analysis have been
widely used in the pathogenesis of diseases, molecular diagnosis,
and other aspects (Huang et al., 2018). New scientific and
technological methods represented by genomics approaches
provide a large amount of research data for mechanistic
studies of appetite regulation. Therefore, in this study, we
used high-throughput sequencing data from public platforms to
decipher the central regulatory mechanism of GLP-1R agonist
(GLP1-RA) administration through a bioinformatics approach.
Overall, this study advances our understanding of the central
mechanisms that synergize the inhibitory effects of appetite
and body weight to treat obesity and provides a basis for
further research.
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Materials and methods

Gene chip data acquisition

The high-throughput dataset GSE135862 related to the
mechanisms of appetite regulation by GLP-1/CCK was retrieved
and downloaded from GEO, a comprehensive database of gene
expression. The chip contains a total of 48 samples. All of
the studies were conducted in 9- to 10-week-old C57/Bl6 male
mice, which were maintained on standard chow and fasted for
6 h before treatment administration. Multiple variables such
as injection of drugs, injection sites, and group settings were
included in the experimental conditions. Mice were randomized
into treatment groups and received an IP injection of saline,
AC710222, exenatide, AC3174, AC170222, or a combination
of these drugs twice daily for 5 days. The injection sites
were the dorsal vagal complex (DVC) and the medial basal
hypothalamus (MBH), respectively. The experimental content
is RIP-Seq (RNA co-immunoprecipitation combined with high-
throughput sequencing). The purpose of this study was to
investigate the pathway of GLP-1 in the brain. In this study,
we selected the groups injected with GLP1-RA AC3174 and the
blank control group for data comparison and analysis.

Screening of differentially expressed
genes

Samples injected with drug as saline were set as the control
group and samples injected with drug as GLP1-RA were set as
the intervention group using P < 0.05, log value of gene fold
change (logFC) <—1, or logFC > 1 as the criterion (Zhang
et al., 2019). The GSE135862 dataset was analyzed by the R
language DESeq2 package to screen differentially expressed
genes between different groups of the dataset and find out
differentially expressed genes that may be involved in the
regulation of appetite by GLP-1R.

Gene ontology and Kyoto
encyclopedia of genes and genomes
pathway enrichment analysis of
differentially expressed genes

Gene ontology is a commonly used analytical method whose
main function is to annotate genes or their products and
identify the characteristic biological characteristics of high-
throughput genomic or transcriptome data. GO annotates and
classifies genes according to Biological Process (BP), Molecular
Function (MF), and Cellular Component (CC). The KEGG
database is available for querying pathway information and
signaling pathway retrieval, and so on. The main goal of

Frontiers in Neuroscience

10.3389/fnins.2022.931161

the KEGG database is to endow genes and genomes with
functional significance at the molecular level and higher levels,
which establish links between genes in the genome and
advanced functions of cells and organisms (Kanehisa et al,
2016, 2017). This study used the DAVID (version: 6.8)! database
for integrative analysis. Using Fisher Exact or EASE Score
statistical methods, GO items were screened with P < 0.05,
false discovery rate (FDR) <1, and KEGG items with P < 0.05
(Sherman et al., 2007).

Analysis of differentially expressed
gene protein interaction network

STRING (version: 11.5)? is an online analysis tool that can
be used to present and evaluate interactions between proteins
(Szklarczyk et al., 2019). The magnitude of the likelihood of a
protein is evaluated by scoring its mutual-action network. In
this study, the analyzed differential genes were input into the
STRING analysis tool to find potential links between them. The
screening condition for constructing the interaction network
of differentially gene-encoded proteins was the threshold of
interaction likelihood. The STRING database export results
were then imported into Cytoscape 3.9.1 software for visual
analysis. The cytoHubba plugin in the software was used
to find out the top 15 hub genes scored according to the
Maximal Clique Centrality (MCC) and Degree scoring methods,
respectively (Hu and Chan, 2013).

Preparation of recombinant
adeno-associated virus

Promoter sequences of GLP-1 protein were determined
by searching the gene database and published relevant
literature (Rasouli et al., 2011; Shi et al., 2017). Customized
recombinant adeno-associated virus (rAAV), which included
GLP-1 promoter and cyclization recombination enzyme (cre)
applied in this experiment, was provided by Wuhan BrainVTA
Technology Co., Ltd. The sequences of the other three rAAVs
are as follows: rAAV-Efla-DIO-EGFP-WPRE-pA (rAAV-GFP),
rAAV-hSyn-DIO-hM3D (Gq) -mCherry-WPRE-pA (rAAV-
HM3D), and rAAV-hSyn-DIO-hM4D (Gi) -mCherry-WPRE-
pA (rAAV-HM4D), which were purchased from commercial
companies (BrainVTA Co., Ltd, Wuhan, China).

1 https://david.ncifcrf.gov/
2 https://cn.string-db.org/
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Animals and intervention

We acquired 15 male Sprague-Dawley rats, aged 6 weeks,
and weighing 180 to 200 g from Beijing Vital River
Laboratory Animal Technology Co., Ltd. (Beijing, China,
No. 11400700298971). All rats were placed in a controlled
environment at 22 £ 2°C and 50 £ 10% relative humidity with
a 12-h light/12-h dark cycle in the Experimental Animal Center,
Zhongnan Hospital of Wuhan University, with standard food
and water provided ad libitum for the duration of the study. The
study protocol was authorized by the Institutional Animal Care
and Use Committee of Wuhan University, Wuhan City, Hubei
Province, China (AUP Number: WP2020-08085).

After 1 week of adaptive feeding, all rats were numbered
according to body weight, and 15 rats were divided into the
GLP-1 group (n = 5), HM3D group (n = 5), and HM4D group
(n=5) by stratified randomization. Stereotactic injection of NTS
was performed according to validated parameters (AP: Lambda-
3.2 mm, ML: £ 0.5-0.7 mm, DV: 9.6 mm, and oblique angle
backward 24°) for injection (Shu et al., 2020). Rats in each group
were injected with rAAV as follows: rats in the GLP-1 group
were injected with rAAV-GLP-1 and rAAV-GFP into NTS with
260 nl of each rAAV; rats in the HM3D group were injected with
rAAV-GLP-1 and rAAV-3D into NTS, 260 nl of each rAAV; and
rats in HM4D group were injected with rAAV-GLP-1 and rAAV-
4D, 260 nl of each rAAV. The chronological order of injection
was based on the body weight of the rats, and the rats whose
body weight first reached about 400 g were injected first, and
finally, the NTS virus injection was completed in all rats at about
5 days. All rats were observed for 1 week after the completion of
the injection, with the supplement of food and water ad libitum
during the observation period. Specific rAAV gene sequence and
combinatorial strategy were shown in Figure 1. Three weeks
after rAAV injection in all rats, the exogenous gene carried
by rAAV was expressed in target neurons. We collected the
baseline data of all rats (body mass, lee’s index, and 24 h food
intake) 3 weeks after the injection of the last rat, and assigned
this day as day 0. Rats in all three groups received four times
intraperitoneal injections of Clozapine-N-oxide (CNO) at a dose
of 1 mg/kg on the 1st, 3rd, 6th, and 9th day of the experiment
(Gomez et al., 2017).

Behavior test

After collecting the baseline data on day 0 of the experiment,
we intraperitoneally injected CNO into all rats on the 1st day
and recorded the cumulative food intake at 0.5, 1, 2, and
24 h after injection to evaluate the short-term feeding behavior
of rats after regulating neuronal excitability. Subsequently, we
recorded the cumulative 24 h food intake after the rats received
CNO injection and body weight on the 3rd, 6th, and 9th
days of the experiment, which aims to observe the long-term
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feeding behavior and body weight changes of rats after multiple
regulations of neuronal excitability.

Western blotting

All rats were anesthetized and sacrificed by cervical
dislocation after 9 days of treatment. Thirty minutes
before sacrifice, rats in HM3D and HM4D groups were in
intraperitoneal injection with CNO to activate or inhibit
GLP-1 neurons. We froze the tissue of NTS and hypothalamus
in liquid nitrogen after stripping them from the rat brains
and stored them at —80°C. NTS tissue was detected with
GLP-1 antibody, while hypothalamus tissue was detected with
Bgn antibody and Mapkapk3 antibody applying a standard
WB protocol. The primary antibody concentrations were as
follows: GLP-1 (1:1000, AF0166, Affinity, Japan), Bgn (1:1000,
16409-1-AP, Proteintech, China), and Mapkapk3 (1:1000,
15424-1-AP, China). We used the housekeeping protein B-actin
(1:1000; Proteintech, China) for normalization. We performed
WB in triplicate for all target proteins. Protein expression
was calculated based on the target protein and p-actin ratios of
optical density, which we analyzed using the BandScan software.

Reverse transcription-quantitative
polymerase chain reaction

We isolated total RNA of rat NTS and hypothalamus stored
at —80°C with an AZfresh total RNA extraction kit (15596-026,
Ambion, United States) and determined RNA concentrations
at an absorbance ratio of 260/280 nm. We then reverse
transcribed an aliquot (1 pg) of extracted RNA into first-strain
complementary DNA (cDNA) using a ReverTra Ace qPCR RT
kit (R223-01, VAZYME). We quantified gene expression of
GLP-1 of NTS, Bgn, and Mapkapk3 of the hypothalamus by
using an SYBR Green real-time PCR Master Mix Plus (Q111-
02; VAZYME) and standard protocol. Measurements were
conducted in triplicate under standard reaction conditions, and
normalization was ensured to f-actin. We obtained primaries
from the Biofavor Technology Company (Wuhan, China). All
temperature circulation and gene amplification were processed
in a CFX96 Touch real-time PCR detection system (Bio-Rad).
All RT-PCR assays and primer sequences are shown in Table 1.

Immunofluorescence staining

Rats were anesthetized with isoflurane and received
transcardial perfusion with saline and 5% paraformaldehyde.
Rat brains were immersion in 5% paraformaldehyde for 72 h
for perfusion fixation followed by dehydration in 25% sucrose
solution. The coronal plane where the NTS and hypothalamus
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FIGURE 1
Gene sequence and combinatorial strategy of rAAVs.

are located was selected for the frozen section. The frozen
sections in the NTS area with a thickness of 10 wm were
selected. After thawing by natural gradient, 10% donkey serum
or goat serum was used for blocking. After repairing with
sodium citrate antigen retrieval solution, which leads the virus
fluorescence to be destroyed, the three groups of brain slices
were incubated with c-fos primary antibody. In GLP-1 group,
GLP-1 neurons were labeled with anti-GFP (1:2000, ab5450,
Abcam, United States) 4 green fluorescent secondary antibody
(1:500, Alexa Fluor® 488 Donkey Anti-Goat, ab150129, Abcam,
United States), and activated neurons were labeled with anti-
cfos (#22508, Cell Signaling Technology, United States) + red
fluorescent secondary antibody (1:500, SA00013-8, CoraLite594
Donkey Anti-Rabbit, Proteintech, China). In HM3D and
HM4D groups, GLP-1 neurons were labeled with anti-
DsRed (632496, TAKARA, Japan) + red fluorescent secondary
antibody (1:800, SA00013-4, CoraLite594 Goat Anti-Rabbit,
Proteintech, China) and activated neurons were labeled with
anti-cfos (1:2000, ab208942, Abcam, United States) + green
fluorescent secondary antibody (1:200, SA00013-1, CoraLite488
Goat Anti-Mouse, Proteintech, China). The co-expression
of GLP-1 neurons and cfos in the neuron cells indicated
that GLP-1 neurons were activated. The activated GLP-1
neurons in the NTS area of each group were counted and
statistically analyzed. The protein expression of differential
genes in the hypothalamus of rats in each group was
demonstrated by immunofluorescence single labeling. The
tissue of the hypothalamus was prepared into frozen slices
with a thickness of 20 wm, cubed with anti-Bgn (1:100, 16409-
1-AP, Proteintech, China) or anti-Mapkapk3 (1:200, 15424-1-
AP, Proteintech, China), and labeled with a green fluorescent
(1:500, SA00013-2, CoraLite488 Goat Anti-Rabbit, Proteintech,
China). Nuclei were stained with DAPI and observed under a
fluorescence microscope. The expression of Bgn and Mapkapk3
in the hypothalamus was analyzed by the imagepro plus 6.0
software with integrated optical density (IOD) for fluorescence
intensity analysis.
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Statistical analysis

SPSS 25.0 software package was used for statistical
analysis. The results were expressed as mean =+ standard
deviation (x £ s). One-way analysis of variance was used for
comparison between groups within the same time period. If
there was an overall difference, multiple comparisons with
the Tukey’s method were used. Repeated measures analysis
of variance was used to compare different time points within
the same group, and if there were differences, multiple
comparisons with the Tukey’s method were used. P < 0.05 was
considered significant.

Results

Differentially expressed gene analysis
results

Based on the screening criteria of P < 0.05, |logFC |> 1,
49 related differentially expressed genes were analyzed in the
GSE135862 dataset. Among them, there were 11 upregulated
differentially and

expressed  genes 38 downregulated

differentially expressed genes. According to the expression

TABLE 1 Real-time PCR primer sequences.

Gene Primer Sequence (5’-3') PCR Products

B-actin  Forward CACGATGGAGGGGCCGGACTCATC 241 bp
Reverse TAAAGACCTCTATGCCAACACAGT

Rat GLP-1 Forward TCGTGGCTGGATTGTTT 142 bp
Reverse TGGCGTTTGTCTTCGTT

Bgn Forward ~ GAGAACAGTGGCTTTGAACC 178 bp
Reverse GCTTGGAGTAGCGAAGTAGAT

Mapkapk3 Forward ~ GTGCTGGGTCTGGGTGTGA 350 bp
Reverse CGGTGGGCAATGTTCTGG

frontiersin.org


https://doi.org/10.3389/fnins.2022.931161
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/

Shao et al.

fold of the differential genes, the related genes with the largest
differential fold were selected, which then upregulated Bgn and
down-regulated Mapkapk3, respectively. A specific heatmap can
be seen in Figure 2.

Gene ontology and Kyoto
encyclopedia of genes and genomes
pathway enrichment analysis results of
differentially expressed genes

The results of GO analysis showed that the molecular
functions of differential genes mainly included pseudouridine
synthase activity, BMP receptor binding, xylosyltransferase
activity, proton antiporter activity (sodium, monovalent

10.3389/fnins.2022.931161

cation, potassium), calcium-dependent protein kinase activity,
low-density lipoprotein particle receptor activity, transferase
activity, and transferring glycosyl and pentosyl groups;
differential genes were mainly localized in seven regions around
the cells, which were catenin complex, organelle membrane
contact site, nuclear outer membrane, varicosity, mitochondria-
associated ER membrane, nuclear lamina, and transport
vesicle and extracellular matrix; and the biological pathways
in which differential genes were involved included apoptotic
process involved in development, extracellular structure
organization, activation of MAPKK activity, apoptotic process
involved in morphogenesis, positive regulation of coagulation,
positive regulation of hemostasis, positive regulation of blood
coagulation, regulation of apoptotic process involved in
development, cell junction maintenance, and regulation of
apoptotic process involved in morphogenesis. The results of
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KEGG signaling pathway enrichment analysis showed that
differential genes played an important role in platelet activation
pathway, complement and coagulation cascades pathway,
other glycan degradation pathway, other type of O-glycan
biosynthesis pathway, cellular senescence pathway, cytokine-
cytokine receptor interaction pathway, and apoptosis pathway.
Specific results can be seen in Figure 3.

Protein-protein interaction networks
and important genes of differentially
expressed genes

The PPI network of DEGs and its modules are shown in
Figure 4. With the STRING database, 46 of 49 DEGs were
mapped onto a PPI network. There are 46 nodes and 66
edges (Figure 4A). After the PPI network is imported into

10.3389/fnins.2022.931161

Cytoscape, the key nodes and subnetworks in the PPI network
are predicted and explored by several topological algorithms
using the cytoHubba plugin. The top 15 genes selected according
to the MCC and degree method were FI12, Gadd45b, Cdhli2,
Nyx, Mapkapk3, Bgn, Tnf, Lmnbl, Tnfrsflb, F2r, Bmprla, Acvrl,
Bmp7, Nog, and F2 (Figures 4B,C).

Different glucagon-like peptide 1
neuronal excitability modulates
appetite-related behavior

As shown in Figures 5A-C, there was no significant
difference in body weight, Lee’s index, and 24-h food intake
among the three groups before intervention (P > 0.05). After
the first time of CNO injection, the feeding behavior of the
three groups of rats showed significant differences (Figure 5D).
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Gene ontology and KEGG enrichment analysis. (A) GO enrichment result of DEGs; (B) the results of KEGG signaling pathway enrichment
analysis; The x-axis label represents P-value and the number of genes and the y-axis label represents GO and KEGG terms, different colors
represent different classification. DEGs, differentially expressed genes; GO, gene ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes
pathway.

Frontiers in Neuroscience frontiersin.org

151


https://doi.org/10.3389/fnins.2022.931161
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/

Shao et al. 10.3389/fnins.2022.931161

E itpr3
E ssipL

ENSMUSPO0000137950,
[&a

=y

- ®

Reed1.

Mapkapk3 Lmnb1

[ 7/ m /
‘ Gadd45b “=\=|'/ u
.’,’ il

Nog — Gadd45b
<
S A
‘\,Z{A‘u_l{z

Do Zai

Nyx

FIGURE 4

The PPI networks of DEGs and modules. (A) PPl network analyzed by STRING database; (B,C) the top 15 genes selected according to the MCC
and degree method. PPI, protein-protein interaction; DEGs, differentially expressed genes; MCC, maximal clique centrality.

Compared with the GLP-1 group, rats in the HM3D group show significant variation in body weights after CNO injection.
showed a significant reduction in food intake from 1 h after The body weights of rats in the HM3D group were lower than
CNO injection (P < 0.05), and the cumulative food intake the baseline since the 6th day after CNO injection (P < 0.05),
was significantly lower than that in the GLP-1 group at 1 h, and the body weights of rats in the HM4D group increased since
2 h, and 24 h after CNO injection (P < 0.05 or P < 0.01). the 3rd day after CNO injection. However, we did not observe
Compared with the GLP-1 group, the HM4D group showed significant differences in body weight among the three groups of
a significant increase in food intake only at 1 h after CNO rats at each time point (Figure 5F).

injection (P < 0.01); compared with the HM3D group, the

food intake of the HM4D group increased significantly at I, Ch ical . hnol
2, and 24 h after injection (P < 0.05 or P < 0.01). There was eémica genetlcs techno Ogy can

no statistical difference in the 24-h food intake before CNO activate or inhibit glucagon-like
injection among the groups of rats, which showed the highest peptide 1 neurons in the nucleus
food intake in the HM4D group and the lowest food intake in tractus solitarius

the HM3D group on days 3, 6, and 9 of injection (Figure 5E).

The body weights of rats in the three groups showed different As shown in Figures 6A,B,C, both the protein and gene
trends during the experiment. Rats in the GLP-1 group did not expression of GLP-1 in NTS were upregulated in the HM3D
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FIGURE 5

Appetite-related behavioral changes in each group. (A-C) Baseline of body mass, lee's index, and 24 h food intake of rats in each group, which
were collected at day O; (D) cumulative food intake of rats in each group at different time points after the first CNO injection; (E) changes in
24 h food intake of rats in each group after CNO injection during the intervention period; (F) changes in body mass of rats in each group during
the intervention period; vs. GLP-1 group, *P < 0.05, **P < 0.01; vs. HM3D group, #P < 0.05, ##P < 0.01; vs. day 0, & P < 0.05, 2 2 P < 0.01.

CNO, Clozapine-N-oxide.
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group, while in the HM4D group were downregulated. As
shown in Figures 6D,F, the GLP-1 neurons in the NTS region
of the three groups of rats were successfully labeled with GFP
or DsRed primary antibody, and the GLP-1 neurons expressed
different amounts of c-fos. The number of activated GLP-1
neurons in the HM3D group was significantly higher than that
in the GLP-1 group and the HM4D group (P < 0.05); the
number of activated neurons in the GLP-1 group was higher
than that in the HM4D group (P < 0.05) (Figure 6E). The results
indicated that CNO injection could effectively activate or inhibit
GLP-1 neurons in NTS.

Different excitatory properties of
glucagon-like peptide 1 neurons
regulate the protein and gene
expression of biglycan and
mitogen-activated protein kinase
activated protein kinase 3 in the
hypothalamus

As shown in Figures 7A,B, the activation of GLP-1 neurons
upregulated the gene and protein expression of Bgn in the
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hypothalamus (P < 0.01); while suppressing it induced the
opposite effect (P < 0.01). On the contrary, activated GLP-1
neurons can downregulate the gene and protein expression of
Mapkapk3 in the hypothalamus (P < 0.01), while suppressing
GLP-1 can activate Mapkapk3 (P < 0.01) (Figures 7C,D).
Observing the fluorescence images of the hypothalamus, it
was found that both Bgn and Mapkapk3 proteins were widely
expressed in the hypothalamus without obvious cell specificity
(Figure 7E). By analyzing the fluorescence intensity, we found
that the expression of Bgn increased after activation of GLP-1,
while Mapkapk3 decreased (Figure 7F), which was consistent
with the results of WB and qPCR.

Discussion

Glucagon-like peptide 1, a peptide hormone from the
intestinal tract, plays a central role in the coordination of
postprandial glucose homeostasis (Gribble and Reimann, 2021).
Intake and digestion of carbohydrates, fats, proteins, and bile
acids are the main physiological stimuli that promote GLP-
1 secretion (Gribble and Reimann, 2019). GLP-1 biosynthesis
and release are performed by enteroendocrine cells of the
intestine, L cells (Song et al., 2019). L cells are more distributed
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Comparison of protein and gene expression of GLP-1in NTS. (A,B) WB and protein expression of GLP-1in NTS; (C) gene expression of GLP-1in
NTS; (D) the slice range and localization pattern of the coronal plane where the NTS is located; (E) comparison of activation numbers of GLP-1
neurons in NTS; (F) representative figures of activated GLP-1 neurons in the NTS of rats in each group; *P < 0.05, **P < 0.01. WB, Western
blotting; GLP-1, glucagon-like peptide 1; cc, central canal; NTS, nucleus of the solitary tract

in the jejunum, ileum, and colon (Sjolund et al, 1983).
Therefore, the stimulation of L cells occurs downstream of food
digestion, which is closely related to the local rate of nutrient
absorption of the intestine and can control gastric emptying and
intestinal tract creeping through feedback regulation (Gribble
and Reimann, 2021). Therefore, its main functions include
not only stimulating insulin secretion and inhibiting glucagon
secretion but also regulating gastrointestinal motility, and
working together in many ways to maintain blood glucose
homeostasis. In addition to being secreted by the intestine, GLP-
1 also exists in neurons of NTS, which release GLP-1 in the
central nervous system, including the project to the feeding
centers in the hypothalamus (Llewellyn-Smith et al., 2011). GLP-
1-mediated neural circuits are the core mechanism by which
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GLP-1 neurons in NTS exert their appetite-suppressing effects
(Chengetal., 2020). Therefore, it is also a physiological regulator
of appetite and food intake (Holst, 2007).

Glucagon-like peptide 1 exerts its physiological function
by binding to a dedicated G-protein-coupled receptor, GLP-
IR, expressed in a variety of cell types (Thorens, 1992).
Numerous attempts have been made to identify alternative
GLP-1R or subtypes, but at present only a single GLP-1R has
been identified, whether expressed in the brain, the stomach,
or the pancreas (Wei and Mojsov, 1995). In addition to
being expressed in the gastrointestinal tract, pancreas, and
brain, studies have shown that GLP-1R can be also detected
in the vagal afferent nerves, scattered atrial cardiomyocytes,
vascular smooth muscle, lung, and some immune cells (Pyke
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Comparison of protein and gene expression of Bgn and Mapkapk3 in the hypothalamus. (A) WB and protein expression of Bgn in hypothalamus;
(B) gene expression of Bgn in hypothalamus; (C) WB and protein expression of Mapkapk3 in hypothalamus; (D) gene expression of Mapkapk3 in
hypothalamus; (E) representative figures of Bgn and Mapkapk3 in hypothalamus of rats in each group; (F) comparison of IOD of Bgn and
Mapkapk3 in hypothalamus; *P < 0.05, **P < 0.01. 3V, the 3rd ventricle. WB, Western blotting; Bgn, biglycan; Mapkapk3, mitogen-activated
protein kinase activated protein kinase 3; 10D, integrated optical density.

et al.,, 2014; Richards et al., 2014; He et al., 2019). The lateral
hypothalamic GLP-1R has been identified as an indispensable
element of normal food reinforcement, food intake, and
body weight regulation (Lopez-Ferreras et al, 2018). As
mentioned earlier, GLP-1R-expressing vagal afferent cells have
been found to form fibers within the intestinal villi adjacent
to enteroendocrine cells. Therefore, it is generally believed
that GLP-1R is a chemosensory neuron of the vagal afferents
nerve, which helps the vagal afferents nerve receive nutrient
detection information in a paracrine manner by binding
to GLP-1 released locally by enteroendocrine cells (Krieger
et al, 2016; Grill, 2020). Meanwhile, the activity of GLP-
IR in vagal afferents also encodes the feeling of distention
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in the gastrointestinal tract through the inner ganglia of
myenteric plexus intramuscular array detection in gastric and
intestinal smooth muscle layers (Williams et al., 2016; Bai
et al., 2019). Thus, the vagal afferents of the intestine receive
gastrointestinal stimulation through both chemoreceptors and
mechanoreceptors to generate neural signals toward the
corresponding nuclei of the brainstem, such as those in the
NTS and posterior area (AP), then to the hypothalamus, which
releases GLP-1 and activates the receptor. However, the current
link of this endogenous peripheral GLP-1 indirectly interacting
with the central GLP-1 system (via the vagal and/or endocrine
pathways) remains controversial, and the necessary intestine-
brain circuit has not been empirically confirmed (Brierley
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et al., 2021). Therefore, further research in this field should be
conducted in the future.

Glucagon-like peptide 1 forms the basis for a variety of
current drugs for the treatment of type 2 diabetes and obesity,
as well as new agents currently being developed. GLP1-RAs are
used clinically to treat T2DM and promote weight loss in people
with obesity (Knudsen and Lau, 2019). Although the identity
of the GLP-1R-expressing target cells underlying appetite
suppression remains under discussion, powerful evidence
indicates that GLP1-RAs exert their effects by targeting GLP-
IR in the brainstem and/or hypothalamus (Knudsen and Lau,
2019). The mechanism of action of GLP-1 and its receptor in
the brain is still unclear, which has caused some difficulties in
the optimization of drug development and obesity treatment.
Therefore, this study aimed to investigate the differential genes
in the brain after GLP1-RAs treatment. After bioinformatics
analysis, we found two significantly different genes, Bgn of
upregulated genes and Mapkapk3 of downregulated genes.

Biglycan, a class I small leucine-rich proteoglycans, is a key
component of the extracellular matrix (ECM) that participates
in scaffolding the collagen fibrils and mediates cell signaling.
Dysregulation of Bgn expression can result in a wide range of
clinical conditions such as metabolic disorder, inflammatory
disorder, musculoskeletal defects, and malignancies (Appunni
et al,, 2021). ECM disorganization is a pivotal step in metabolic
disorders like obesity which involves accommodating the
expanding adipose tissue mass (Kim et al., 2016). The ECM
in these states releases non-fibrillar proteoglycans such as Bgn,
which take part in receptor-mediated interactions to regulate
inflammation and organ-specific metabolic disturbances. The
ECM plays a role in regulating neurite outgrowth, and neural
function and plasticity as well as metabolic diseases (Dityatev
et al., 2010). Also, ECM remodeling is crucial for regulating
the morphogenesis of the intestine (Bonnans et al., 2014). In
this study, GO analysis also found differential genes enriched
in ECM. KEGG analysis showed that differential genes play
an important role in other types of glycans degradation and
biosynthesis pathway. So, the upregulation of Bgn expression
in this study may indicate increased ECM remodeling, and
as previously mentioned, changes in intestinal mechanical
signaling can regulate gastrointestinal motility and food intake.

Mitogen-activated protein kinase activated protein kinase
3 is a member of the Mapk signaling pathway family (Wei
et al,, 2015). The Mapk family is significant in various cellular
processes such as apoptosis, oxidative stress, differentiation,
inflammatory response, and proliferation, and includes three
members: extracellular signal-regulated kinase (Erk1/2), p38,
and c-Jun N-terminal kinase (JNK) (Miloso et al., 2008). p38
Mapk is the best-characterized kinase upstream of Mapkapk3
(Freshney et al, 1994). Studies have shown that p38Mapk
can promote B-cell exhaustion in the pancreas, and B-cells
can express GLP-1R (Manieri and Sabio, 2015). At the same
time, p38 can also regulate the secretion of insulin, and
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the insulin level in p38-deficient mice is increased. Then, in
this study, Mapkapk3 is a downstream factor of p38, and
the downregulation of Mapkapk3 may inhibit the p38 Mapk
pathway, thereby promoting insulin secretion and increasing the
expression of GLP-1R. Studies have shown that the silencing of
Bgn gene can upregulate p38Mapk (Appunni et al., 2021). In the
verification of bioinformatics analysis results, we found that the
expression of Bgn mRNA was upregulated and the expression of
Mapkapk3 mRNA was downregulated when the GLP-1 neurons
were activated, which implied the inhibitory effect of BGN in
regulating the p38 pathway from another perspective.

Conclusion

In summary, we screened out the key differential genes
that affect feeding behavior after GLP-1R activation through
bioinformatics analysis. Bgn and Mapkapk3 were found to be
more associated with changes in feeding behavior. Changes in
Bgn and Mapkapk3 in the hypothalamus were also detected
after activating or inhibiting GLP-1 neurons in the NTS by
chemogenetic treatment, which were consistent with the results
of bioinformatics analysis. It shows that Bgn and Mapkapk3
may be important downstream cytokines of GLP-1 in regulating
appetite, which were worthy of further research in the future.
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The gut microbiota plays an important role in central nervous system (CNS)
disorders. Apolipoprotein E (ApoE) can affect the composition of the gut
microbiota and is closely related to the CNS. However, the mechanism by
which ApoE affects cognitive dysfunction through the gut microbiota—brain
axis has thus far not been investigated. In this study, we used wild-type
mice and ApoE knockout (ApoE~/~) mice to replicate the aging model and
examined the effects of ApoE deletion on cognitive function, hippocampal
ultrastructure, synaptophysin (SYP) and postsynaptic density 95 (PSD-95)
in aging mice. We also explored whether ApoE deletion affects the gut
microbiota and the metabolite profile of the hippocampus in aging mice and
finally examined the effect of ApoE deletion on lipids and oxidative stress in
aging mice. The results showed that the deletion of ApoE aggravated cognitive
dysfunction, hippocampal synaptic ultrastructural damage and dysregulation
of SYP and PSD-95 expression in aging mice. Furthermore, ApoE deletion
reduced gut microbial makeup in aging mice. Further studies showed that
ApoE deletion altered the hippocampal metabolic profile and aggravated
dyslipidemia and oxidative stress in aging mice. In brief, our findings suggest
that loss of ApokE alters the composition of the gut microbiota, which in turn
may affect cognitive function in aging mice through the gut microbiota—
brain axis.

apolipoprotein E, aging, cognitive function, gut microbiota, metabolomics,
oxidative stress
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Introduction

Aging is a process in which the functions of various
tissues and organs in the body gradually degenerate. With
the intensification of population aging, aging has become a
serious social problem (Joe and Ringman, 2019). Brain aging-
induced cognitive and memory decline is one of the early
symptoms of aging patients, and changes in hippocampal
structure and function are closely related to learning and
memory impairments (Kodali et al., 2021; Kokudai et al., 2021).
At present, effectively delaying brain aging, maintaining the
normal function of the hippocampus, and preventing cognitive
dysfunction have become research hotspots in medicine.

Recently, increasing clinical and experimental evidence
has suggested that the gut microbiota plays a crucial role
in central nervous system (CNS) diseases through the gut
microbiota-brain axis (Chakrabarti et al,, 2022; Mou et al,,
2022). The cognitive dysfunction associated with aging has
been reported to be associated with intestinal microbiome
disturbances (Pw and Jeffery, 2015; Mangiola et al.,, 2018). For
example, medical studies in the elderly population have found
higher Firmicutes/Bacteroidetes ratios in the gut microbiome
of demented subjects than in non-demented controls (Saji
et al, 2019). The gut microbiota is considered an invisible
organ that mediates bidirectional signaling between the gut-
brain axis (Doifode et al., 2021). Unfortunately, the relevant
mechanisms between gut microbiota and brain aging have not
been fully elucidated. Therefore, in-depth studies are warranted
to elucidate the potential link between the gut microbiota-brain
axis and cognitive impairment induced by brain aging.

Apolipoprotein E (ApoE) is the main plasma apolipo-
protein, and it regulates lipid metabolism and maintains
cholesterol balance. It also participates in the normal growth and
development and damage repair of the CNS (Aires et al., 2021).
Studies have shown that ApoE is the most abundantly expressed
apolipoprotein in the brain and is responsible for regulating a
large part of brain lipid metabolism, especially the transfer of
cholesterol and phospholipids from glial cells to neurons (Hudry
etal., 2019). Furthermore, loss of ApoE disrupts the blood-brain
barrier in aging mice (Mulder et al., 2001) and leads to cognitive
impairment (Zerbi et al., 2014) and cerebrovascular dysfunction
(Bell et al., 2012). Recent studies have also found that ApoE
deficiency alters the composition of the gut microbiome (Gan
et al,, 2022; Zajac et al.,, 2022). However, the mechanism by
which ApoE affects lipid metabolism and cognitive impairment
through the gut microbiota brain axis has not been investigated
to date.

The gut microbiota is both a participant and a regulator
of metabolic processes (Wang et al., 2017). Metabolomics can
be used to effectively screen biomarkers and deeply analyze
the molecular mechanisms of host health or disease (Rowland
et al.,, 2018). To this end, we used ApoE knockout (ApoE_/_)
mice as study subjects to explore whether ApoE is involved in
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postaging cognitive dysfunction through the gut microbiota-
brain axis. We explored the effect of ApoE deletion on cognitive
function and gut microbes in D-galactose-induced aging mice.
We also used a metabolomic approach to confirm whether the
absence of ApoE affects the metabolite profile of the aging mouse
hippocampus. In addition, we examined the effect of ApoE
deletion on blood lipids and oxidative stress in aging mice. We
hope to reveal the mechanism by which ApoE affects cognitive
dysfunction in aged mice through the gut microbiota-brain axis.

Materials and methods
Animals

Twenty 10-week-old male SPF ApoE~/~ mice were
purchased from Gempharmatech Co., Ltd. (Nanjing, China),
with a body weight of 25 & 5 g [serial number: T001458, genetic
background: C57BL/6 J, genotype: (ApoE) KO/KO, and license
number: CXK (SU) 2018-0008]. Forty 10-week-old male SPF
wild-type C57BL/6] mice, with a body weight 20 & 2 g, were
also used. Bedding materials and feed were provided by Hunan
Laike Jingda Co., Ltd. (Changsha, China). The animals had free
distilled drinking water, and the housing conditions were as
follows: temperature of 20-25°C, humidity of 40-55%, natural
light, normal feeding, and bedding replacement every other day.

Main reagents and instruments

D-galactose (V900922) was purchased from Sigma-
Aldrich (Shanghai, China), anti-synaptophysin (SYP) antibody
(ab32127) and anti-postsynaptic density 95 (PSD-95) antibody
(ab238135) were purchased from Abcam (Cambridge,
United Kingdom), and a superoxide dismutase (SOD)
detection kit (20190412), a glutathione peroxidase (GSH-
PX) detection kit (20190309), and a malondialdehyde (MDA)
detection kit (20190315) were purchased from Jiancheng Co.,
Ltd. (Nanjing, China).

Vectra3 tissue section analysis system (Marlborough,
United States), Illumina NovaSeq 6,000 sequencing system
(Santiago, United States), Thermo Dionex U3000 UHPLC
(Waltham, United States), Agilent 7890B-5977B GC-MS (Santa
Clara, United States), Enspire multifunctional microplate reader
(Waltham, United States), Waters ACQUITY UPLC HSS T3
(100 mm x 2.1 mm, 1.8 pm) chromatographic column
(Framingham, United States).

Design of animal experiments

Forty wild-type mice were randomly divided into two
groups [the control group and the model group (1 = 20)], after
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FIGURE 1
Experimental design.

adaptive feeding, and the other 20 ApoE™/~ mice were set as
the ApoE group. Except for the control group, the other groups
were injected subcutaneously with 100 mg-kg™! of D-galactose
on the back of the neck once a day for 6 consecutive weeks,
and the blank group was injected with the same amount of
normal saline. The subcutaneous injection of D-galactose is
a commonly used method to replicate aging models (Azman
and Zakaria, 2019; Huang et al, 2020). After the Y maze
and Morris water maze (MWM) in the 6th week, all mice
were anesthetized by intraperitoneal injection of 1% sodium
pentobarbital, the eyeballs were removed, blood was collected,
and then the serum was obtained by centrifugation. Eight mice
were randomly selected from each group for analysis of the gut
microbiome, metabolomics, blood lipids and oxidative stress,
and the remaining 12 were subjected to transmission electron
microscopy analysis and immunohistochemical detection. As
shown in Figure 1. This experimental protocol was approved by
the Ethics Committee of the First Affiliated Hospital of Hunan
University of Traditional Chinese Medicine (ZYFY20210710).

Y-maze test

According to the details in Reference (Suryavanshi et al.,
2014), the memory ability of brieflearning in mice was evaluated
using the Y-maze test. The Y-maze consists of 3 arms radially
oriented outward in 3 equal parts, and a single arm is 30 cm in
length, 8 cm in width, and 15 cm in height with an angle between
arms of 120. The Y maze was placed in a quiet room, and at
the midpoint of the Y-maze at the beginning of the experiment,
the movements of the mice were recorded over 8 min, and
only consecutive entries into 3 different arms were counted as
1 correct alternating exploration, after which the mice were
returned to their cages. After each assay was finished, a 75%
ethanol wipe was used to eliminate mouse odor. The alternation
rate was calculated as follows: alternation rate = number of
correct alternations/(total alternations-2) x 100%.
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—> Morris Water Maze Assays (n=20)

—> Electron Microscopic Assays (n=4)

—> Immunohistochemistry (n=8)

Sacrificed =—1—> 16S rRNA Analysis (n=8)

—> LC-MS&GC-MS Metabolomics Analysis (n=8)

—> Serum Lipids Assays (n=8)
—> Oxidative Stress Assays (n=8)

Morris water maze test

According to the details in Hui et al. (2017), the MWM was
used to test the long-term working memory ability of the mice.
The MWM used a black round stainless steel pool (depth 60 cm,
diameter 150 cm), and the top of the pool was connected to a
video detection system. The platform was fixed in the second
quadrant, tap water was injected into the pool, the water level
was 1-2 cm higher than the platform, and the water temperature
was controlled at 22-24°C. The mice were put into the water
with their heads facing the pool wall, the water entry points were
randomly selected, and the detection time was 60 s. The time
when the mouse found the underwater platform was recorded.
If it was found within 60 s, the animal was allowed to stay on
the platform for 10 s to rest. If the platform was not found, the
animal was guided to the platform and stayed for 10 s. Each
animal was trained three times a day, with an interval of 15-
20 min between each training session for 5 consecutive days.
On the 6th day, the platform was removed, the animals were
placed into the water from the opposite side of the original
platform quadrant, and the latency and number of times the
animals crossed the original platform quadrant within 60 s were
recorded.

Detection of synaptic ultrastructure in
the hippocampus

Specimens that had been placed in the transmission
electron microscope (TEM) for 48 h were postfixed in 1%
osmic acid at room temperature for 2 h, dehydrated stepwise
through an ethanol gradient, and again dehydrated in acetone.
After embedding in an embedding machine, the tissues were
cut into 60-80-nm ultrathin sections, double stained with
uranyl acetate and lead citrate, and dried overnight at room
temperature. Synapses with clearly observed presynaptic and
postsynaptic membranes and synaptic vesicles were selected
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and photographed through TEM. Five synapses were randomly
selected from each mouse, and a total of 20 synapses were
selected from each mouse group, and structural parameters of
synaptic interfaces were calculated using Image-Pro Plus 6.0
software (Jones and Devon, 1978; Giildner and Ingham, 1980).

Immunohistochemical detection

The expression levels of SYP and PSD-95 were determined
by immunohistochemistry. The detection procedure was
similar to that described in a previous study (Chen et al,
2022): the sections were dewaxed, antigen retrieval and
blocked sequentially. SYP (1:100) and PSD-95 (1:100) primary
antibodies were added and incubated overnight at 4°C, and
then incubated with the corresponding secondary antibodies
for 1 h at room temperature. Routine DAB staining was
followed by counterstaining with hematoxylin and mounting
of the slides. A smart tissue section imaging system was
used for whole slide scanning, and images of the dentate
gyrus (DG), CAl, and CA3 regions were collected from the
hippocampus region. Densitometry was calculated using Image-
Pro Plus 6.0 software.

Gut microbiota analysis

The genomic DNA of mouse cecal contents was extracted
using a DNA extraction kit, and then the concentration
of DNA was detected by agarose gel electrophoresis and a
NanoDrop2000. Using genomic DNA as a template, primers
343F and 798R were used to amplify the V3-V4 region by
PCR. After purification and quantification, a sequencing library
was constructed. The following sequences were used: V3-V4
forward primer, 343F TACGGRAGGCAGCAGCAG; reverse
primer, 798R AGGGTATCTAATCCT.

Using the QIIME 2 analysis process, DADA2 was used to
denoise the raw data, cluster with 100% similarity, remove
and correct low-quality sequences, identify and dechimerize
algorithms, etc. The representative sequences of amplicon
sequence variants (ASVs) were aligned with the template
sequences in the SILVA-132-99 database to obtain the flora
information of all ASVs at the levels of microbial phylum, class,
order, family, genus, and species classification.

Metabolomics analysis

LC-MS analysis

The hippocampal tissue was removed from the —80°C
refrigerator and thawed at 4°C. Then, 30 mg of tissue sample
was accurately weighed, 20 pL of internal standard and 600 pL
of methanol-water (V:V = 4:1) were added, and the samples
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were placed in a grinder and ground. Ultrasonic extraction was
performed in an ice-water bath for 10 min. After standing at
—20°C for 2 h and centrifuging for 10 min (13,000 rpm, 4°C),
150 L of the supernatant was aspirated with a syringe, filtered
through a 0.22-pum filter, and transferred to a sample vial until
LC-MS analysis.

The chromatographic column was an ACQUITY UPLC
HSS T3 (100 mm x 2.1 mm, 1.8 pm), and the mobile phases
were A-water (containing 0.1% formic acid) and B-acetonitrile
(containing 0.1% formic acid). The gradient elution program
was 0-4 min, 5% B; 4-9 min, 30% B; 8-10 min, 50% B; 10-
14 min, 80% B; 14-15 min, 100% B, and 15-16 min, 5% B.
The following chromatographic conditions were used: flow rate,
0.35 mL-min—%; injection volume, 2 WL; column temperature,
45°C. The following were the mass spectrometry conditions: the
ion source was electrospray ionization (ESI); the positive and
negative ion scanning modes were used for measurement, with
spray voltages of 3,800 and —3,000 V, respectively; the capillary
temperature was 320°C; the aux gas heater temperature was
350°C; the sheath gas flow rate was 35 Arb; the aux gas flow rate
was 8 Arb; the full MS resolution was 70,000; and the mass range
was 100-1 200 m/z. To ensure the stability of the entire analysis
system, quality control (QC) samples were used for method
verification in this experiment. The QC samples were obtained
by mixing 10 nL of each normal sample. One QC sample was
injected between every 10 samples to assess the stability of the
mass spectrometry system.

GC-MS analysis

Similar to the above method, 30 mg of hippocampal tissue
was accurately weighed, and 20 pL of internal standard and
600 L of methanol-water (V:V = 4:1) were sequentially added.
Then, the sample was placed in a grinder and ground. Next, 120
WL of chloroform was added, and the sample was vortexed for 2
min and then sonicated in an ice-water bath for 10 min. After
standing at —20°C for 30 min, the samples were centrifuged
for 10 min (13,000 rpm, 4°C), and 150 nL of the supernatant
was removed and placed into a glass derivatization bottle.
After evaporating the sample with a centrifugal concentrator
desiccator, 80 L of methoxyamine hydrochloride in pyridine
(15 mg/mL) was added to a glass derivatized vial. After vortexing
for 2 min, the oximation reaction was performed in a shaking
incubator at 37°C for 90 min. After removing the sample, 50 wL
of bis (trimethylsilyl) trifluoroacetamide (BSTFA) (containing
1% chlorotrimethylsilane); containing 1% trimethylchlorosilane
(TMCS) derivatization reagent and 20 L of n-hexane were
added to 10 wL of 10 internal standards, vortexed for 2 min,
and reacted at 70°C for 60 min. Finally, the sample was placed at
room temperature for 30 min for GC-MS metabolomic analysis.

The chromatographic conditions were as follows: Column,
DB-5MS capillary column (30 m x 0.25 mm x 0.25 pum, Agilent
J&W Scientific, Folsom, CA, United States); inlet temperature,
260°C; carrier gas, helium, at a volume flow of 1 mL-min-I;
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injection volume, 1 pL, splitless injection; and solvent delay,
6.2 min. The program temperature was as follows: the initial
temperature of the column oven was 60°C and kept for 0.5
min; the temperature increased to 125°C at 8°C/min; the
temperature was heated to 210°C at 8°C/min; and finally, the
temperature was heated to 305°C at 20°C/min and kept for 5
min. The mass spectrometry conditions were as follows: ion
source temperature, 230°C; quadrupole temperature, 150°C;
and electron energy, 70 eV. The scanning mode was full scan
mode (SCAN), and the mass scanning range was m/z 50-500.
Both the LC-MS and GC-MS analyses were performed by OE
Biotech Co., Ltd. (Shanghai, China).

Blood lipid detection

One hundred microliters of serum and distilled water
were diluted and mixed at 1:1 and then sent to the
Laboratory Department of the First Affiliated Hospital of
Hunan University of Chinese Medicine. A Beckman Coulter
AU680 automatic biochemical analyzer was used to detect
the total cholesterol (TC), triglyceride (TG) and low-density
lipoprotein (LDL) levels.

Oxidative stress detection

After rinsing the hippocampal tissue with precooled normal
saline, sterile ophthalmic scissors were used to cut the tissue
into pieces, and normal saline was added according to the
ratio of m (tissue): V (normal saline) = 1 g:9 mL using an
automatic homogenizer. The homogenate was made into a
10% homogenate by mass fraction and centrifuged at 1,000 g
(4°C) for 15 min, and the supernatant was diluted with an
appropriate amount of normal saline to a suitable concentration
range. The instructions of the kit were strictly followed to detect
SOD and GSH-Px activity and the MDA content in serum
and brain tissue.

Statistical analysis

GraphPad Prism 8.0.2 statistical analysis software was used
for statistical analysis of the data. Measurement data are
expressed as the mean plus or minus standard error (x £ s).
One-way analysis of variance (ANOVA) was used for data
comparison among multiple groups in the experiment, and the
LSD test was used for multiple comparisons. P < 0.05 was
considered statistically significant.

In the 16S rRNA analysis, Usearch software was used
to dechimerize and cluster the data to obtain operational
taxonomic units (OTUs) for alpha diversity and beta diversity
analyses. Linear discriminant analysis (LDA) was used to
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estimate the communities or species that had significantly
different effects on sample partitioning.

In the
discriminant analysis (PLS-DA) combined with variable

metabolomic analysis, partial least squares
importance of projection (VIP) > 1 and P < 0.05 was used to
screen differential metabolites. Metabolic pathway enrichment
analysis was performed using the Kyoto Encyclopedia of Genes

and Genomes (KEGG) database.!

Results

Apolipoprotein E deletion aggravates
cognitive dysfunction in aging mice

In the Y-maze test, compared with the control group, the
alternation rate in the model group was significantly decreased
(P < 0.01), and the alternation rate was further decreased in
the ApoE group (P < 0.05, Figure 2A). In the navigation
test, with an increase in the training time and the number of
training sessions, the time for mice in each group to find the
platform tended to shorten. Compared with the control group,
the escape latency of mice in the model group was significantly
prolonged (P < 0.01), and the latency of the ApoE group
was further prolonged compared with that of the model group
(P < 0.01, Figure 2B). The results of the space exploration
test showed that compared with the control group, the model
group spent less time in the target quadrant (P < 0.01), and
the number of platform crossings was significantly reduced
(P < 0.01). Compared with that of the model group, there
was no significant change in the number of platform crossings
in the ApoE group (P > 0.05), but the time spent in the
target quadrant was significantly increased (P < 0.01), as
shown in Figures 2C-E. These results suggest that deletion
of ApoE aggravates D-galactose injection-induced cognitive
impairment.

Apolipoprotein E deletion aggravates
hippocampal synaptic ultrastructural
damage in aging mice

to

TEM was used hippocampal

ultrastructure. The synaptic structure of the hippocampal

assess synaptic
neurons in the control group was complete, and the presynaptic

membrane, synaptic cleft, postsynaptic membrane and
postsynaptic dense material were clearly visible. Compared
with the control group, the synaptic structure of the model
group was blurred, the postsynaptic dense material was

sparse, and the boundary between the anterior and posterior<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>