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Abstract
Impact Statement

The colonic tissue microenvironment helps to main-
tain a symbiotic microbial community. This study
aimed to evaluate ghrelin’s role in chronic and acute
pro-inflammatory conditions, and demonstrated that
endogenous ghrelin contributes to host-microbe
interactions. The study showed that ghrelin defi-
ciency leads to gut dysbiosis, with reduced micro-
bial tryptophan metabolism and thereby reduced
production of indoles and related catabolites,
which were associated with increased suscepti-
bility to acute inflammation, and pro-inflammatory
pathologies including intestinal permeability and
depression in aging. The results contributed to fur-
ther insights to host-microbe interactions in health
and disease.

A major component of aging is chronic, low-grade inflammation, attributable in part
by impaired gut barrier function. We previously reported that deletion of ghrelin,
a peptidergic hormone released mainly from the gut, exacerbates experimental
muscle atrophy in aged mice. In addition, ghrelin has been shown to ameliorate
colitis in experimental models of inflammatory bowel disease (IBD), although
the role of endogenous ghrelin in host—-microbe interactions is less clear. Here,
we showed that 22-month-old global ghrelin knockout (Ghr/--) mice exhibited
significantly increased depressive-like behaviors, while anxiety levels and
working memory were similar to litermate wild-type (WT) mice. Furthermore, old
Ghrl-- mice showed significantly increased intestinal permeability to fluorescein
isothiocyanate (FITC)-dextran, significantly higher colonic interleukin (IL-1B) levels,
and trends for higher colonic IL-6 and tumor necrosis factor-a. (TNF-a) compared to
WT mice. Interestingly, young Ghrl~-and WT mice showed comparable depressive-
like behavior and gut permeability, suggesting age-dependent exacerbation in
gut barrier dysfunction in Ghrl-- mice. While fecal short-chain fatty acids levels
were comparable between old Ghr/- and WT mice, serum metabolome revealed
alterations in metabolic cascades including tryptophan metabolism. Specifically,

tryptophan and its microbial derivatives indole-3-acetic acid and indole-3-lactic acid were significantly reduced in old Ghr/--mice.
Furthermore, in an experimental model of dextran sulfate sodium (DSS)-induced colitis, Ghrl-- mice showed exacerbated disease
symptoms, and higher levels of chemoattractant and pro-inflammatory cytokines in the colon. Overall, these data demonstrated
that ghrelin deficiency is associated with gut barrier dysfunction, alterations in microbially derived tryptophan metabolites, and
increased susceptibility to colitis. These data suggested that endogenous ghrelin contributes to maintaining a healthy host—microbe

environment, ultimately impacting on brain function.
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Introduction

A major component of aging is chronic, low-grade inflam-
mation, which is an important risk factor for morbidity and
mortality in the older adults, since inflammatory pathogen-
esis underlies most age-associated diseases.!? Accumulating
evidence implicate bacterial contributions to chronic inflam-
mation via imbalance in the gut microbial communities (gut
dysbiosis).>* Gut dysbiosis and the decrease in barrier func-
tion, indicated by augmented mucosal permeability and
translocation of bacterial toxins to circulation, have been
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linked to systemic inflammation, metabolic dysfunction,
neuroinflammation, stress-related psychiatric disorders,
and cognitive decline in aging.>® While the symbiotic rela-
tionships between host and microbes are now considered as
critical determinants of health and disease, the molecular
mechanisms regulating the host-microbe interactions during
aging remain largely undetermined.

Ghrelin, a hormone consisting of 28 amino acids, is pro-
duced and secreted by X/A-like cells of the stomach,!*!
and functions in inducing growth hormone release, increas-
ing feeding, and promoting adiposity.!>’> On the contrary,
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through loss-of-function studies, we and others have shown
that body weight and feeding were not altered in ghrelin-
deficient mice compared to wild-type (WT) mice on either
high-fat diet or regular diet.!¢!7 Interestingly, pharmacologi-
cal administration of ghrelin attenuates sepsis-induced gut
barrier impairment!® and experimental colitis,!* suggesting
that ghrelin may exert anti-inflammatory effects in preclini-
cal models of acute inflammation. However, little is known
regarding the role of endogenous ghrelin in gut barrier func-
tion. Clinical data showed decreased circulating ghrelin lev-
els in older subjects.?02! Furthermore, we found that with a
high fructose corn syrup supplement, ghrelin-null (Ghrl--)
mice exhibited exacerbated adiposity and inflammation of
the adipose tissue, suggesting increased susceptibility to pro-
inflammatory stimulus.?? In addition, we recently reported
that old Ghrl~- mice (18-20 months) exhibited predisposi-
tion to fasting-induced muscle atrophy, and administration
of exogenous ghrelin exerted protective effects.? Notably,
microbiome analysis showed an increase in Firmicutes and
a decrease in Bacteroidetes in the gut microbiota composition
in Ghrl-~ mice at young age (6 months), prior to manifesta-
tion of age-associated increase in adiposity.?® Bacteroidetes
and Firmicutes have been associated with healthy lean meta-
bolic state and obese inflammatory state, respectively.2+?>
Taken together, these data suggested that ghrelin deficiency
may predispose the host to pro-inflammatory pathologies.
Whether microbiota dysbiosis in ghrelin-deficient mice con-
tributes to aging-associated physiological changes remains
to be determined.

Here, we first studied whether old Ghrl~~ mice show
impaired intestinal permeability and cognitive functions.
Given that we previously showed age-associated alterations
in serum metabolome and microbial tryptophan metabo-
lism,? we next assessed serum metabolome in old Ghrl~~
and WT mice. Finally, to further investigate the role of
ghrelin in gut barrier function, we subjected Ghrl~~ and WT
mice to dextran sulfate sodium (DSS)-induced experimental
model of ulcerative colitis. Our data demonstrated that ghre-
lin-deficient mice are more vulnerable to pro-inflammatory
pathologies associated with aging and colitis, suggesting that
endogenous ghrelin contributes to intestinal homeostasis.

Materials and methods
Animals

Global Ghrelin knockout (Ghrl--) mice were generated by
Sun et al.’® Mice were housed in the animal facility of Texas
A&M University (College station, TX, USA), maintained
on 12h light/dark cycles (lights on at 6:00) at 22°C +2°C.
Mice were given ad libitum access to water and chow diet
(TD. 2018, Envigo, Madison, WI, USA, with 18%, 58%, and
24% calories from fat, carbohydrates, and protein, respec-
tively). All experimental procedures were approved by the
Institutional Animal Care and Use Committee at Texas A&M
University, and all methods were performed in accordance
with the relevant guideline and regulations.

Experimental design

Three independent cohorts of WT and Ghrl-~ mice were
used in the study. In Cohort 1, male WT and Ghrl~~ mice
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from 22 months (22M) of age were subjected to fecal collec-
tion for short-chain fatty acids (SCFA) measurements, behav-
ior testing, intestinal permeability test, and euthanized at
28 months (28M) and serum collected for metabolome analy-
sis. In Cohort 2, male WT and Ghrl~~ mice at 6-12months
(6-12M) were subjected forced swim test (FST) and intesti-
nal permeability test. In Cohort 3, male WT and Ghrl~- mice
at 18 months (18M) were subjected to DSS-induced colitis
(n=4, 4, and 5 for WT, DSS-WT, and DSS-Ghrl-~ groups,
respectively). For feces collection, mice were transferred to
individual autoclaved cages in the morning between 8:00
and 9:00, fecal pellets produced were collected, flash frozen
and stored at —80°C until targeted metabolome analysis of
SCFAs. Mice were euthanized and serum samples collected
as we described before.2¢ Colons were dissected, flushed with
phosphate-buffered saline (PBS), opened longitudinally, flash
frozen, and stored at —80°C until cytokine analysis.

Serum metabolome analysis

Serum metabolites of male 28M WT and Ghrl~/- mice, at
fed state, were assessed using untargeted liquid chroma-
tography-high-resolution accurate mass spectrometry
(LC-HRMS) analysis as we described before.?6 For data
analysis with the web-based tool MetaboAnalyst 5.0,%” the
peak intensity table (Supplementary Table 1, containing 10
[samples] by 1820 [peaks[mz/rt] data matrix]) was uploaded
to the website, and data were then normalized by the sum
followed by auto-scaling (boxplots of data after normali-
zation are shown in Supplementary Figure 1). Data were
then analyzed by the principal component analysis (PCA)
and univariate analysis, and the output table of significantly
altered metabolites was then used in pathway analysis
(Supplementary Table 2).

Fecal SCFA measurement

Feces were processed for quantitation of SCFAs with a gas
chromatography triple quadrupole mass spectrometer (TSQ
EVO 8000, Thermo Scientific, Waltham, MA, USA) as we
described.? Briefly, 50mg of lyophilized feces were extracted
in ethyl acetate, spiked with heptadeuterated butyric acid
to normalize for extraction efficiency; the absolute levels in
uM were normalized to mg dried fecal weights. TraceFinder
3.3 (Thermo Scientific) was used in sample acquisition and
analysis.

Behavior testing

Mice were acclimatized to the procedure room for 30 min
before each testing session. Behavioral testing was performed
between 10:00 and 16:00.

Open field test

Open field test was performed as we described,? with slight
modification, in the Rodent Preclinical Phenotyping Core.
Each animal was put in the center of a clear Plexiglas cham-
ber (25cm X 25c¢m X 38 cm) with photo beams to record hori-
zontal activities (TRU SCAN Activity Monitoring System,
Coulbourn Instruments, Holliston, MA, USA). Testing was
performed with overhead lights (~7001ux of illumination).
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Activities were monitored over a 30-min period; physical
activity (total distance traveled) and anxiety level (time spent
in center zone) were analyzed.

Novel object recognition test

Novel object recognition test (NORT) was carried out as
described, with slight modification.’3! On the first day,
each mouse was subjected to a 5-min trial to acclimatize to
the arena (40cm X 40 cm X 30cm) without objects. Twenty-
fourhours after acclimatization session, each mouse was
given 5min to explore (defined as sniffing or touching) iden-
tical objects (F1 and F2), placed in fixed adjacent corners.
Twohours after training trial, F2 was switched to a novel
object N, and interactions with F1 or N were recorded for
5min to test for short-term memory test. Activities during all
testing trials were recorded with a camera. A scorer blinded
to the genotype of the mice scored the recorded videos for
time spent interacting with the familiar or novel object.

FST

FST was performed as we previously described.?

Intestinal permeability

Mice were fasted for 4h prior to oral gavage of fluorescein
isothiocyanate (FITC)-labeled dextran (3-5kDa; Sigma-
Aldrich, St. Louis, MO, USA). 200 and 150 uL of 80mg/mL
FITC-dextran were administered to old and young mice,
respectively. After gavage, mice were returned to home
cage and left undisturbed for 4h, without access to food or
water. Blood was collected from tail vein 4h after gavage
into ethylenediaminetetraacetic acid (EDTA)-coated micro-
vette 100 capillary blood collection tubes (Sarstedt, Newton,
NC, USA), centrifuged at 5000¢ for 5min and plasma trans-
ferred to fresh tubes. Fluorescence intensity was measured
in black-welled plates with microplate reader CLARIOstar
Plus (BMG Labtech, Ortenberg, Germany).

Induction of colitis

Animals received normal drinking water (control group) or
DSS (2%) (MP Biomedicals=36-50kDa) in drinking water
for sevendays; water was refreshed every two to three days.
All mice were assessed for body weight, fecal consistency,
and macroscopic fecal blood scores as described.®? Animals
were terminated on study Day 7 after final scoring, and colon
samples collected as described above.

Cytokine analysis

Colons were weighed and homogenized at 10:1 ratio (10mL
per 1g of tissue) in T-PER and quantitated as described.3
25uL of each sample was used in cytokine analysis using the
Mouse Cytokine/Chemokine Milliplex Map Kit (Millipore,
Burlington, MA, USA), according to the manufacturer’s
instructions. The plate was analyzed on a BioPlex 200 (Bio-Rad,
Hercules, CA, USA). Data were normalized to per mg protein.

Statistical analysis

Results were expressed as mean value = standard error (SE)
atasignificantlevel of P <0.05. Student’s t-tests were used to
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compare genotype effect. For the comparison between more
than two groups, one-way analysis of variance (ANOVA)
was used if there was a single independent variable, or two-
way ANOVA for repeated measures (treatment X time). To
further test pairwise differences between treatment groups,
Tukey’s post hoc tests were used. Statistical analyses were
carried out using GraphPad PRISM 9.2.0 (GraphPad, San
Diego, CA, USA).

Results

Aged ghrelin-deficient mice exhibited increased
depressive-like behaviors

Previously, we reported gut dysbiosis in Ghrl~- mice at young
age.?® To test the functional consequences of chronic gut dys-
biosis in aging, we subjected 22-month-old male Ghrl~- and
littermate control WT mice to behavior tests assessing anxi-
ety, working memory, and depressive-like behavior. Open
field test showed that there was no significant difference in
the time spent in the center zone of an open arena between
old Ghrl-/- and WT mice, suggesting similar anxiety levels
(Figure 1(A)). In addition, old Ghrl-/- and WT mice traveled
similar distances in the 30-min test period, suggesting com-
parable locomotor activity levels in a novel environment
(Figure 1(B)). In the NORT, WT mice spent more time inter-
acting with the novel objects than familiar objects (recogni-
tion index >50%) as expected, while there was a trend for
reduced recognition index in old Ghrl~/~ mice (Figure 1(C)).
In the FST which models behavioral despair, old Ghrl~/~ mice
showed significantly increased immobile time, suggesting
increased depressive-like behavior compared to WT mice
(Figure 1(D)).

Aged ghrelin-deficient mice exhibited increased
gut permeability and inflammation

Given that depression has been linked to impaired gut bar-
rier function,” and aging is associated with increased leaki-
ness of the gut,® next we assessed gut barrier function in
these mice using an in vivo intestinal permeability test.
We found that at 23months of age, there was a significant
increase in plasma FITC-dextran levels in old Ghrl~~ mice
compared to their WT littermates, suggesting that intesti-
nal permeability was significantly impacted by ghrelin defi-
ciency (Figure 2(A)). Measurements of the pro-inflammatory
cytokines interleukin (IL)-1f, IL-6, and tumor necrosis factor-
o (TNF-a) showed that old Ghrl~~ mice exhibited signifi-
cantly increased IL-1p, and a trend for increased IL-6 and
TNF-a in colons (Figure 2(C) and (D)).

Younger ghrelin-deficient mice showed
normal depressive-like behavior and gut
permeability

To test whether the increased depressive-like behavior and
gut permeability in Ghrl~~ mice is age-dependent, next we
assessed these parameters in a cohort of younger mice.
Ghrl-- mice at 6-12M of age showed similar immobile time
compared to littermate WT mice (Figure 3(A)). In addition,
there was no significant difference between Ghrl~~ and WT
mice in plasma FITC-dextran levels (Figure 3(B)). Taken
together, these in vivo phenotyping data suggested that
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Figure 1. Old Ghrl-- mice showed increased depressive-like behavior. Anxiety levels and locomotor activity were measured in the open field test (A and B). (A) Time
spent in the center zone. (B) Total distance traveled in the open field arena. (C) Learning and memory function was tested in novel object recognition test, indicated by
recognition index. (D) Depressive-like behaviors were measured in the forced swim test, indicated by immobile time.

*P <0.05, WT versus Ghrl-- mice.

Ghrl~~ mice exhibited increased depressive-like behavior
and gut permeability in an age-dependent manner.

Fecal SCFA levels were not altered in old
Ghrl-- mice

Previously, we identified reduced populations of Roseburia
and Clostridium XIVb, Gram-positive anaerobic bacteria that

produce the SCFA butyrate, in young Ghrl~~ mice.” To test
whether SCFA levels are altered in old Ghrl-~ mice, we per-
formed targeted gas chromatography-mass spectrometry
(GC-MS) on feces collected from old mice in Cohort 1. Levels
of SCFAs (propionate and butyrate) and branched chain fatty
acids (BCFAs: isovalerate and valerate) in feces were measured;
there was no significant difference between old Ghrl~~ mice
and WT mice in the SCFAs and BCFAs assessed (Figure 4).



1562 Experimental Biology and Medicine

Volume 247  September 2022

* %

_ * . /- _

40 — Ghrl 60 —
T " £ )
S 30 2
= 5 40— _
S 50 g
">'<' ey
S gzo-

6 10— — L
et -
= - I -
(o]
0L =5 0
C D
8- 10-

= £ .
= o 8-

gel . :

: . 2o o

£ 4- £

2 | o e g2+q o [#
;2— .. I.IU. 2_

o 2
= o - 8 -

0

0

Figure 2. Old Ghrl-- mice showed increased gut permeability and inflammation. (A) Plasma level of fluorescence emitted from FITC-dextran translocated from gut. (B
and D) Colon samples from 22M to 28M mice were processed and used for cytokine measurements: (B) IL-1B, (C) IL-6, and (D) TNF-a.

*P <0.05, WT versus Ghrl-- mice.

Old ghrelin-deficient mice exhibited altered serum
metabolome

Next, we screened serum metabolites in old Ghrl~- and WT
mice, using untargeted LC-MS as we previously described.?¢
We obtained 1820 metabolite features annotated with
Compound Discoverer and performed a series of analyses

using the web-based tool MetaboAnalyst 5.0.27 PCA of the
metabolites showed distinct separation of the two clusters
of Ghrl- and WT mice, suggesting that chronic ghrelin defi-
ciency exerted a strong impact on serum metabolome (Figure
5(A)). We calculated the mean fold change and the statisti-
cally significant difference between the two groups using
t-tests, adjusting for false discovery rate (FDR). We identified
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Figure 3. Younger Ghrl-- mice showed normal depressive-like behaviors and gut permeability comparable to age-matched WT mice. (A) Depressive-like behaviors
and (B) plasma level of fluorescence emitted from FITC-dextran translocated from gut.
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Figure 4. Old Ghrl~- mice showed fecal short-chain fatty acid levels comparable to WT mice. Fecal samples collected from old Ghr/-- and WT mice were processed
for SCFA measurements. (A) butyric acid, (B) acetic acid, (C) propionic acid, (D) valeric acid, (E) isobutyric acid, and (F) isovaleric acid.
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Figure 6. Bacterial tryptophan metabolism was decreased in old Ghrl-- mice.
Serum levels of tryptophan and indole-3-lactic acid, metabolite from tryptophan
catabolism by gut bacteria, were significantly decreased in old Ghr/~- mice.
Serum levels of |-kynurenine, indole-3-acetic acid, and 5-hydrozyindole-3-acetic
acid were also decreased in old Ghrl-- mice, albeit did not reach significance
level, after correcting for multiple t-test comparisons using the false discovery
rate (FDR, set at 1%).

211 significant metabolites, which were then subjected to the
Mummichog pathway analysis through the MetaboAnalyst.
We found four pathways that were significantly altered by
chronic ghrelin deficiency: arginine biosynthesis, vitamin
B6 metabolism, tryptophan metabolism, and beta-alanine
metabolism (Figure 5(B)). Given the role of tryptophan
metabolism in gut barrier function, we pulled out the rela-
tive abundance of metabolites in the tryptophan pathway, to
assess the direction of change.

We found that there were significant decreases in relative
abundance of tryptophan as well as L-kynurenine, a metabo-
lite in the tryptophan catabolism pathway in old Ghrl~~ mice
(Figure 6). Notably, the microbially derived indole-3-acetic
acid, indole-3-lactic acid, and 5-hydroxyindole-3-acetic acid
showed significant decreases in old Ghrl~~ mice compared to
WT mice (Figure 6). Taken together, the serum metabolome
data suggested that chronic ghrelin deficiency is associated
with decreased tryptophan metabolism in the host as well
as in the microbial communities residing in old Ghrl~~ mice.

DSS-induced colitis was aggravated in old
ghrelin-deficient mice

To investigate further the role of endogenous ghrelin in gut
barrier function, we used an experimental model of ulcera-
tive colitis, where DSS induces epithelial cell damage and
inflammatory processes similar to those observed in human
ulcerative colitis patients.3* We subjected another cohort of
male Ghrl~/- and littermate WT mice at 18M of age to 2%
DSS for sevendays, and assessed daily the disease progres-
sion, manifested as body weight loss, fecal consistency (from
pellets to diarrhea), and rectal bleeding (presence of visible
blood in feces) (Figure 7). DSS-induced colitis was exacer-
bated in DSS-Ghrl~- mice compared to DSS-WT mice, as
indicated by increased body weight loss, increased fecal
consistency score, and rectal bleeding score (Figure 7(A)
to (C)). In addition, while colon weights were significantly
increased in DSS-WT mice and not significantly changed in
DSS-Ghrl-/- mice, colon lengths were significantly shortened
in DSS-Ghrl~- mice compared to DSS-WT mice (Figure 7(D)
and (E)). The decrease in colon lengths suggested increased
tissue inflammation, consistent with the increased disease
activities in DSS-Ghrl~~ mice.
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Figure 7. DSS-induced colitis was exacerbated in 18-month-old Ghr/-- mice. Normal or 2% DSS in drinking water was given to mice for sevendays, and water was
changed every twodays. Disease activities were monitored, including body weight (A), stool consistency (B), and rectal bleeding (C). Mice were euthanized on Day
7 after assessing disease activities, and colon dissected, weight (D) and length (E) measured. For (A to C), data were analyzed with two-way ANOVA (treatment
group X time) followed by Tukey’s post hoc tests. For (D and E), data were analyzed with one-way ANOVA (treatment) followed by Tukey’s post hoc tests. (A color

version of this figure is available in the online journal.)

*P <0.05; ***P < 0.001, WT versus Ghrl-- mice; #P <0.05, DSS-WT versus DSS-Ghrl--.

Next, we assessed cytokines levels in the colon tissue.
Levels of the chemoattractant KC (also known as CXCL1),
monocyte chemoattractant protein (MCP)-1, and mac-
rophage inflammatory protein (MIP)-2 were increased by
DSS treatment; however, the extent of increase was exagger-
ated in DSS-Ghrl~/- mice compared to control DSS-WT mice
(Figure 8(A) to (C)). Similarly, the inflammatory cytokine
TNF-a was increased by DSS treatment, and the extent of
increase was exaggerated in DSS-Ghrl~~ mice (Figure 8(D)).
There was a trend for increased tissue IL-6 levels in DSS-
Ghrl-- mice (Figure 8(E)), while IL-1f was increased in both
DSS-WT and DSS-Ghrl~ mice (Figure 8(F)). These results
showed that DSS-induced release of chemoattractant and
inflammatory cytokines in colon tissues were exacerbated
in old Ghrl- mice compared to old WT mice. In summary,
these data demonstrated that ghrelin deficiency led to exag-
gerated inflammatory response and disease manifestation
in DSS-induced colitis, underscoring a role for endogenous
ghrelin in intestinal homeostasis.

Discussion

Gut dysbiosis and gut barrier dysfunction have been associ-
ated with augmentation of systemic inflammation in chronic

pro-inflammatory conditions including type II diabetes,
obesity, and aging. In addition, growing evidence suggest
that gut dysbiosis also contributes to the pathophysiology
of depression.35-38 Consistent with gut dysbiosis in young
Ghrl-- mice, here we showed that chronic ghrelin defi-
ciency was associated with increased gut permeability and
depressive-like behavior. Furthermore, aged Ghrl~- mice
showed exacerbated DSS-induced ulcerative colitis as well
as increased chemoattractant levels in colon tissue, suggest-
ing a role for endogenous ghrelin in intestinal epithelial cell
function and subsequent immune response. This was fur-
ther supported by serum metabolome data showing that the
microbially derived indole metabolites were significantly
decreased in old Ghrl/- mice; this suggested dysregulated
microbial metabolism and impaired gut barrier in old
Ghrl-- mice. Of note, fecal SCFA levels were not significantly
impacted by ghrelin deficiency, even though we previously
identified that butyrate-producing Roseburia was signifi-
cantly reduced in young male Ghrl~- mice.?* Nevertheless,
our data demonstrated that chronic ghrelin deficiency is
associated with exacerbated loss of gut barrier function and
depression in aged mice.

Depression is a leading cause of disability; however,
despite its global prevalence, the pathophysiology remains
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Figure 8. Immune response associated with DSS-induced colitis was exacerbated in 18-month-old Ghr/-- mice. Colon samples were processed and used for cytokine
measurements. (A) KC (CXCL1), (B) MCP-1, (C) MIP-2, (D) TNF-a, (E) IL-6, and (F) IL-1B. Data were analyzed with one-way ANOVA (treatment) followed by Tukey’s

post hoc tests. (A color version of this figure is available in the online journal.)
*P <0.05; **P <0.01; ***P < 0.001.

undefined.® Several concepts have been used to elucidate
the pathophysiology of depression, including neurotrans-
mission deficit, neurotrophic changes, neuroanatomical
abnormalities, impaired responses to stress with dysregu-
lated hypothalamic—pituitary—adrenal (HPA) axis, endo-
crine-immune system dysfunction, and inflammation.40-4
Interestingly, depressive disorders are prevalent in patients
with IBD.# The current understanding of underlying mecha-
nisms common to both IBD and depression has revealed
many humoral and neural pathways of gut-brain com-
munication,* and gut microbiota have emerged as a novel
link in this system.354748 Gut dysbiosis has been reported in
depressed patients, 0 as well as in animal models of depres-
sion.5! Furthermore, clinical studies have also shown that
ingestion of probiotics decreases depression.>? Interestingly,
Zheng et al.> demonstrated the causality of “depression
microbiota,” showing that transplantation of germ-free
mice with “depression microbiota” derived from patients
with depression resulted in depressive-like behaviors. In
this study, we showed that chronic ghrelin deficiency was

associated with increased depressive-like behaviors and
intestinal permeability in aged mice. The observation that
these phenomena were pronounced in aged mice but not in
young mice suggested that the increase of depressive-like
behaviors in Ghrl/- mice may be due to accumulative gut
barrier dysfunction and gut microbiota dysbiosis developed
during the aging process, and less likely due to direct effect
of lack of ghrelin signaling in the brain.

Aging is associated with augmented intestinal permeabil-
ity and systemic inflammation. In addition, we previously
reported age-associated microbiota dysbiosis and decrease
in microbial tryptophan metabolism; notably, there were sig-
nificant negative correlations between age and serum levels
of indoles and indole-3-lactic acids.?¢ Here, we showed that
serum levels of the indole derivatives indole-3-lactic acids
and indole-3-acetic acids were significantly decreased in old
Ghrl-- mice compared to littermate WT mice. Indole and
its derivatives, which are tryptophan catabolites generated
by the microbiota, have been shown to regulate microbi-
ota—host crosstalk in health and disease.>*>* Indoles provide



protective effects for the gut barrier through increasing the
mucus production of endothelial cells and restoring tight
junction proteins in the epithelial cell barrier, thus reducing
pathogenic invasion.5 Moreover, administration of indole-
containing capsules to germ-free mice increased expression
of junctional proteins and resistance to DSS-induced epithe-
lial injury.* Indoles and its derivatives can act as activators
of aryl hydrocarbon receptor, which consequently regulates
local IL-22 production and thereby modulates immune
response.” Taken together, our data suggested that the
decreased indole-related metabolites associated with ghrelin
deficiency may be one of the molecular mechanisms contrib-
uting to the decline in gut barrier function in old Ghrl~~ mice.
Whether the increased depressive-like behavior observed in
old Ghrl- mice was due to altered tryptophan metabolism
or due to gut barrier dysfunction and subsequent increase in
systemic inflammation is not clear. Further work is required
to determine causal links between these bacterial tryptophan
catabolites and depression.?

In line with a role of ghrelin in gut barrier function dur-
ing aging, our data also showed that ghrelin-deficient mice
were more vulnerable to DSS-induced colitis. This is con-
sistent with previous studies showing that pharmacologi-
cal treatment with ghrelin provided protective effects in
several models of experimental colitis.!® Matuszyk et al.*0
showed that ghrelin treatment promoted faster regenera-
tion of the colonic wall from acetic acid-induced colitis, and
decreased colonic levels of pro-inflammatory cytokines
IL-1B and TNF-0, and myeloperoxidase (a marker for neu-
trophil infiltration). Given the important roles of microbially
derived indoles and its derivatives in gut health, the signifi-
cant decrease in these metabolites could be an underlying
mechanism for the exacerbation of colitis in old Ghrl~- mice.
As discussed above, indole and its derivatives act as agonists
for the ligand-dependent aryl hydrocarbon receptor, which
has been shown to modulate intestinal homeostasis by act-
ing on epithelial regeneration, barrier function, and immune
cells.?3%8 Interestingly, a study on caspase recruitment
domain family member 9 (CARD?Y), a susceptibility gene for
IBD, demonstrated that microbial tryptophan metabolism is
decreased in Card9-~ mice, resulting in reduced aryl hydro-
carbon receptor activation and impaired restitution from
DSS-induced colitis.®! This study also showed that patients
with IBD have reduced aryl hydrocarbon receptor activ-
ity and tryptophan metabolites indoles and indole-3-acetic
acids. Thus, this study and our data suggest a causal link
between impaired tryptophan metabolism by the microbiota
and hyper-susceptibility to colitis.

Consistent with a role for endogenous ghrelin in intes-
tinal homeostasis, we recently showed that deletion of its
receptor growth hormone secretagogue receptor (GHS-R)
led to gut dysbiosis in an age-dependent manner, and also
showed increased susceptibility to DSS-induced colitis.® At
the phylum level, the ratio of Firmicutes and Bacteroidetes
(F/B ratio) was similar in young but increased in older
GHS-R KO mice. At the family level, young GHS-R KO
mice showed lower Lachnospiraceae and Prevotellaceae, but
higher Erysipelotrichaceae. This gut dysbiosis pattern per-
sisted in older GHS-R KO mice, and the proportion of
Erysipelotrichaceae was further increased in older GHS-R
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KO mice. The bacterial family Erysipelotrichaceae belongs
to the Firmicutes phylum and increased abundance of
Erysipelotrichaceae have been associated with intestinal
inflammation in colorectal cancer, IBD, and metabolic dis-
eases.®® In addition, DSS-induced colitis was exacerbated in
both young and older GHS-R KO mice, with older GHS-R
KO showing more severe disease activity than young GHS-R
KO mice.?? Collectively, these data suggested that endog-
enous ghrelin signaling has an important role in maintaining
intestinal homeostasis.

The symbiotic relationships between host and microbes
are now emerging as critical determinants of health and
disease. Dysregulated mucosal microbial communities or
mucosal barrier may induce or aggravate intestinal inflam-
mation.** It has been suggested that metabolism in colonic
epithelial cells may function as a control switch, mediating
shifts between homeostatic and dysbiotic microbial commu-
nities.®>% Interestingly, ghrelin levels have been found to be
increased in active IBD patients compared to those in remis-
sion.®”68 Whether this is a protective host response to con-
tain inflammation and /or promote tissue repair is unknown.
Future studies examining the potential effect of ghrelin on the
colonic metabolism, and its impact on the microbial commu-
nities such as indole-producing bacteria versus pathobionts
such as Erysipelotrichaceae, will provide further insights into
the causal relationship between dysregulated host metabo-
lism and dysbiotic microbial communities in the progression
of inflammatory pathologies in aging and in colitis.
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