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Asano Y, Hiramoto T, Nishino R, Aiba Y, Kimura T, Yoshihara
K, Koga Y, Sudo N. Critical role of gut microbiota in the production of
biologically active, free catecholamines in the gut lumen of mice. Am J
Physiol Gastrointest Liver Physiol 303: G1288–G1295, 2012. First
published October 11, 2012; doi:10.1152/ajpgi.00341.2012.—There is
increasing interest in the bidirectional communication between the
mammalian host and prokaryotic cells. Catecholamines (CA), candi-
date molecules for such communication, are presumed to play an
important role in the gut lumen; however, available evidence is
limited because of the lack of actual data about luminal CA. This
study evaluated luminal CA levels in the gastrointestinal tract and
elucidated the involvement of gut microbiota in the generation of
luminal CA by comparing the findings among specific pathogen-free
mice (SPF-M), germ-free mice (GF-M), and gnotobiotic mice. Sub-
stantial levels of free dopamine and norepinephrine were identified in
the gut lumen of SPF-M. The free CA levels in the gut lumen were
lower in GF-M than in SPF-M. The majority of CA was a biologically
active, free form in SPF-M, whereas it was a biologically inactive,
conjugated form in GF-M. The association of GF-M with either
Clostridium species or SPF fecal flora, both of which have abundant
�-glucuronidase activity, resulted in the drastic elevation of free CA.
The inoculation of E. coli strain into GF-M induced a substantial
amount of free CA, but the inoculation of its mutant strain deficient in
the �-glucuronidase gene did not. The intraluminal administration of
DA increased colonic water absorption in an in vivo ligated loop
model of SPF-M, thus suggesting that luminal DA plays a role as a
proabsorptive modulator of water transport in the colon. These results
indicate that gut microbiota play a critical role in the generation of
free CA in the gut lumen.
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ACCUMULATING EVIDENCE HAS SHOWN that bacterial chemical
molecules, such as N-acyl-homoserine lactones (24) and a
family of autoinducers (22), signal to eukaryotic cells. Con-
versely, host hormones can signal to microbial cells through
converging pathways to bacterial signaling molecules. This
type of bidirectional communication is often called “microbial
endocrinology” (27) or “interkingdom signaling” (19, 35),
which thus mediates the symbiotic and pathogenic relation-
ships between the bacteria and mammalian hosts.

Catecholamines (CA), such as norepinephrine (NE) and
dopamine (DA), are utilized in the central and peripheral
nervous systems, which regulate various types of body func-
tions, such as cognitive abilities, mood, and gut motility (14).

Lyte and colleagues first demonstrated that some species of
pathogens could recognize exogenous CA in vitro, and such
recognition increased bacterial proliferative capacity in their
pioneering studies in the 1990s (27, 29–31). Sperandio and
colleagues subsequently showed that enterohemorrhagic Esch-
erichia coli (EHEC) virulence increases on exposure to epi-
nephrine (E) and NE and that E binds and signals through the
QseC receptor (11, 19). Work from other groups (3) also
showed that E and NE increase EHEC chemotaxis, motility,
adherence to epithelial cells, and virulence gene expression. A
large number of researchers from different fields have become
increasingly interested in this relationship, because such rec-
ognition of host hormones by pathogens is likely to provide a
rational answer to a long-standing question as to why hosts
become susceptible to opportunistic infections when exposed
to extreme stress (19, 27, 35).

Numerous kinds of bacteria inhabit the close proximity of
the gastrointestinal tract of mammals; thus such an interking-
dom signaling through CA is presumed to be performed con-
tinually in the gut lumen (37) and to play an important role in
the regulation of various pathophysiological functions. How-
ever, available evidence is still extremely limited because of
the paucity of actual data about luminal CA. Alverdy and
associates (1) showed the cecal NE level to increase following
surgery in a mouse surgical stress model. These findings
suggest the possible existence of gut luminal CA under some
pathological conditions; however, the precise mechanism of
how and to what extent CA is produced and regulated under
normal or pathological conditions is largely unknown.

The present study evaluated luminal CA levels through
gastrointestinal tract using a reliable and reproducible HPLC
method for measuring luminal CA levels and furthermore tried
to elucidate the involvement of gut microbiota in the regulation
of luminal CA by comparing the findings among specific
pathogen-free (SPF) mice, germ-free (GF) mice that had no
bacteria, and gnotobiotic mice that were reconstituted with a
mixture of Clostridia species or SPF fecal flora (EX-GF).

METHODS

Animals. Adult male BALB/c mice, 7–9 wk of age, were obtained
from Charles River Japan (Shizuoka, Japan) and kept under SPF
condition. GF BALB/c mice were originally obtained from the Central
Institute for Experimental Animals (Kawasaki, Japan), as described
previously (47, 48). These mice have been bred �10 generations in
isolators without any bacterial contamination in this laboratory. Pairs
of male and female GF mice were selected as the grandparents of mice
for experiments. Their first offspring were used as parents of such
mice for gnotobiotic and control GF. The parent mice were orally
given stools of SPF mice to make gnotobiotic mice associated with
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gut microbiota from SPF mice, and their offspring were used as
EX-GF mice (32). Gnotobiotic mice associated with a mixture of 46
related Clostridium species from the coccoides and leptum groups
(Clostridia cocktail) (4), were produced by intragastrically inoculating
the parents with 109 CFU of Clostridia suspended in 0.5 ml of PBS,
and their offspring were used as Clostridia-associated mice in the
experiments. The first offspring of the parents without microbiota
were used as control GF mice in the experiments. Only male mice
were used in the present study. GF and gnotobiotic mice were
maintained in Trexler-type flexible-film plastic isolators with sterile
food (CL-2, CLEA Japan, Tokyo, Japan) and water. Surveillance for
bacterial contamination was thoroughly performed by a periodic
bacteriological examination of mouse feces. In addition, all the GF
and gnotobiotic mice were also examined after the experiments to
determine whether there was any contamination with other bacteria by
incubating their stool samples on agar plates for 3 days. Some GF
mice were orally given 109 CFU of either E. coli mutant strain
JW1609 that is deficient of the gene uidA encoding �-glucuronidase
or its parent E. coli strain BW25113 (both strains from Keio E-coli
Collection, Tokyo, Japan) (2) at 4 wk of age. Their tissue and luminal
samples from the cecum were subjected to HPLC measurement 4 wk
later. Some luminal samples were also used to count the number of
bacteria residing in the cecum according to our previously reported
method (46, 47). All experiments were approved by the Ethics
Committee for Animal Experiments of both Tokai and Kyushu Uni-
versity.

Sample preparation for CA measurement. The mice were killed by
cervical dislocation, and then segments of the ileum, cecum, and colon
were removed and cut open along mesentery. Their luminal contents
were weighed and collected into a 1.5-ml tube. The samples were
homogenized by vigorous pipetting and vortexing in 1 ml of 0.01 M
PBS. The supernatants were collected by centrifugation for 15 min at
13,000 g at 4°C. They were then mixed with 1 ml of 0.2 M perchloric
acid (Sigma) for deproteinization. The solutions were centrifuged at
13,000 g for 15 min, and the deproteinized supernatant was processed
for catecholamine analysis by using HPLC system.

Ileum, cecum, and colon tissue samples were weighed and homog-
enized in 1 ml of 0.2 M perchloric acid. The homogenates were
centrifuged at 13,000 g for 15 min, and the supernatants were used for
measuring the tissue CA contents.

Analysis of CA by HPLC. CA concentrations (pg/ml) in the luminal
and tissue of the gut were determined by post column HPLC (HLC-
8030, Tosoh, Tokyo, Japan) using diphenylethylenediamine as a
fluorogenic reagent (21, 34). This three-column HPLC system was
originally developed to evaluate plasma and urine-free CA levels;
however, preliminary results showed the system to be also applicable for
the measurement of luminal NE, E, and DA levels with a high recovery
rate and good reproducibility (coefficient of variation of �3%).

Measurement of conjugated CA levels using enzymatic deconjugation.
Glucuronide and sulfate CA conjugates in the gut lumen were ana-
lyzed by the previously described method for measuring plasma or
urine samples (12, 41, 54), with some modifications. In brief, the
deproteinized samples described above were divided into the three
aliquots: the first aliquot was adjusted to pH 7.0 and incubated for 1
h at 37°C without any supplementation of enzymes; the second aliquot
was adjusted to pH 6.8 and incubated for 1 h with �-glucuronidase
(GUS, type IX from E. coli, 750 U/sample, Sigma, St. Louis, MO); the
third aliquot was adjusted to pH 7.1 and incubated for 1 h with
sulfatase (type VI from Aerobacter aerogenes, 0.26 U/sample,
Sigma). The first, second, and third aliquots were used for the
measurement of free, glucuronide- and sulfate-conjugated CA, respec-
tively. Each incubated sample was given 1 ml of 0.2 M perchloric acid
to terminate the enzymatic reactions and centrifuged again for 15 min
at 13,000 g at 4°C. The resulting supernatants were collected and
processed for the HPLC system. Glucuronide-conjugated CA was
calculated as the difference between the first (free CA) and the second
(free CA � glucuronide-conjugated CA) value. Likewise, sulfate-

conjugated CA was calculated as the difference between the first (free
CA) and the third (free CA � sulfate-conjugated CA) value. The
enzyme concentrations used in this experiment were chosen because
they were found to be optimal for the complete hydrolysis of conju-
gated CA.

Analysis of �-glucuronidase activity. Enzymatic activity of GUS
from luminal or tissue contents in the cecum was measured using the
previously described method (9, 36), with some modifications.

The luminal contents in the cecum were suspended in 1 ml of 0.01
M PBS and subjected to ultrasonic disintegration on ice (Bioruptor
UCD 130TM, 20 kHz, Tosho, Kanagawa, Japan). The homogenates
were centrifuged, and the protein concentration was quantified using
a NanoDrop proteinA280 LMS spectrophotometer. A reaction mix-
ture (pH 7.0), containing 100 �l of the supernatant fraction, 10 �l of
0.01 M phenolphthalein glucuronide (Sigma), and 50 �l of PBS, was
incubated for 1 h at 37°C. The reaction was terminated by adding a
glycine-NaOH solution (pH 10.2) containing 8 �l of 1 M alkaline
glycine (Sigma) and 3 �l of 5% trichloroacetic acid (Wako, Osaka,
Japan). Fluorescent levels of liberated phenolphthalein (PheP) were
measured at 570 nm by a spectrophotometer. The concentration of
GUS in the samples was calculated from a standard curve and
expressed as micrograms of PheP per hour per milligram of protein.

The enzyme activity in the cecal tissue was determined by homog-
enizing the tissue in 1 ml of 0.01 M PBS including 0.5% Triton-X.
The homogenates were sonicated three times of sonication (20 kHz)
on ice and centrifuged at 13,000 g for 15 min at 4°C, and the
supernatants were collected and analyzed for their GUS activity. The
measurement was done using a reaction mixture whose pH was
adjusted to 4.5, since the tissue type of GUS activity has an optimal
pH of 4.5.

In vivo colon loop study. The in vivo effects of luminal CA on
water absorption of the gut were examined using the method de-
scribed previously, with some modification (10, 13). SPF BALB/c
mice were given an intraperitoneal injection of 50 mg/kg pentobarbi-
tal sodium (Tokyo Kasei, Tokyo, Japan). The abdomen was opened by
a midline incision. Approximately 3 cm of colon loop was prepared by
ligating the splenic flexure and the cecal junction of colon by silk 5/0.
The contents inside the loop were removed by a flushing solution (140
mM NaCl, 10 mM HEPES, pH 7.4) warmed to 37°C. Three milliliters
of test solution containing 50 mM NaCl, 5 mM HEPES, 2.5 mM KCl,
20 mM glucose, 20 mM sodium ferrocyanide (Wako, Osaka, Japan),
with (n � 8) or without (n � 8) 10 �M DA hydrochloride (Sigma)
were injected into the loop. The loop was incubated for 30 min, and
the test solution was collected for a ferrocyanide colorimetric assay at
405 nm as reported previously (7, 13). The ferrocyanide colorimetric
assay was performed before (ODbefore) and after (ODafter) incuba-
tion. Water absorption was expressed as (Vbefore � Vafter)/30
min/cm. In this equation, Vbefore is the initially injected volume (300
�l), and Vafter is calculated as Vbefore(ODbefore/ODafter).

Statistical analysis. All the continuous data are presented as means �
SE. Comparison of changes among two groups was performed using
paired or unpaired t-test. The comparison of the changes among three
or more groups was performed by Dunnett’s post hoc test after the
ANOVA. All analyses were performed using the JMP 9 software
package for Windows (SAS Institute Japan). A P value of �0.05 was
considered to be significant.

RESULTS

Presence of considerable amounts of catecholamines in the
lumen of the cecum. Preliminary experiments showed that an
ordinary HPLC method optimized to measure brain CA levels
was not applicable to the determination of luminal CA contents
of the cecum, because luminal samples contained substantial
artifact peaks and contaminants that inhibited the precise eval-
uation of luminal CA levels. Therefore, an HPLC method with
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diphenylethylenediamine as a precolumn fluorescence deriva-
tization reagent (21, 34) was used to accurately measure the
luminal CA levels.

NE, E, and DA were each clearly identified as a unique peak
(Fig. 1). Considerable amounts of biologically active free NE
and DA were present in the lumen of the cecum. The DA levels
were the highest among the three CA, whereas the E levels
were only marginally detectable (NE, 22 � 3 ng/g; E, 1.4 �
0.2 ng/g; DA, 93 � 8 ng/g).

Distribution of NE and DA in the lumen and tissue of the
gastrointestinal tract. Luminal CA levels of SPF mice were
measured in the ileum and colon, as well as in the cecum.

Figure 2A shows that free NE and DA were also present in
the lumen of the ileum and colon. The NE or DA level in the
lumen was the highest in the colon among the three parts of the
gut [NE: ileum, 10 � 2 ng/g; cecum, 22 � 3 ng/g; colon, 48 �
7 ng/g (P � 0.001 vs. ileum value); DA: ileum, 16 � 3 ng/g;
cecum, 93 � 8 ng/g (P � 0.001 vs. ileum value); colon, 132 �
19 ng/g (P � 0.001 vs. ileum value)]. In contrast, there were no
significant differences in tissue NE or DA levels among the
ileum, cecum, and colon (Fig. 2B; NE: ileum, 218 � 29 ng/g;
cecum, 310 � 24 ng/g; colon, 275 � 16 ng/g; DA: ileum, 14 �
4 ng/g; cecum, 25 � 4 ng/g; colon, 15 � 2 ng/g). In addition,
tissue NE and DA levels showed no significant correlation with
luminal NE and DA levels in any parts of the digestive tract
examined.

The majority of CA exists in a biologically active, free form
in the gut lumen of SPF mice. Previous reports showed that a
large proportion of peripheral CA in blood or urine exists as a
conjugated form that is biologically inactive (15, 54). Two
forms of CA conjugates, glucuronide and sulfate, are found in
mammals; however, glucuronidation is thought to be a more
important metabolic pathway in rodents (12, 15, 52). There-
fore, the study investigated free, glucuronide- and sulfate-

conjugated forms of CA in the lumen of the ileum, cecum, and
colon.

Figure 3 and Table 1 show that almost all NE and DA were
in the free form in the cecum and colon, although substantial
amounts of glucuronide-conjugated NE and DA were present
in the ileum.

The majority of CA exists in a biologically inactive, conju-
gated form in the gut lumen of GF mice. Yoneda and cowork-
ers (54) reported that conjugated CA in peripheral blood could
be changed into free CA by in vitro incubation with bacterial
GUS. This study, therefore, hypothesized that free CA present
in the gut lumen might be generated via deconjugation by
bacterial GUS derived from gut microbiota. Both the free and
conjugated forms of luminal CA levels were measured in the
gut of GF mice that were completely deficient of gut bacteria
and then compared with those in the SPF mice.

Figure 4A shows that free NE and DA levels in the cecal
lumen were lower in the GF mice than in the SPF mice. In
contrast, there were no significant differences in cecal tissue
free NE and DA levels between the GF and SPF mice (Fig.
4B). Figure 5 and Table 2 demonstrate that �90% of DA were
in the glucuronide-conjugated form in all parts of digestive
tracts examined of GF mice (Fig. 5A), whereas 	40% of NE
were in the glucuronide-conjugated form (Fig. 5B). These
results indicate that gut microbes are responsible for generating
free NE and DA in the gut lumen.

Substantial elevation of free NE and DA in the cecal lumen
upon exposure to enteric bacteria. Further experiments exam-
ined whether the association with bacteria, which have a high
GUS activity, leads to an elevation of free CA in the cecal

Fig. 1. Luminal catecholamine (CA) concentrations in the cecum of specific
pathogen-free (SPF) mice. A representative of chromatogram data of luminal
contents of the cecum is shown. Peaks NE, E and DA indicate norepinephrine,
epinephrine, and dopamine, respectively.

Fig. 2. Luminal and tissue CA concentration in the gastrointestinal tract of SPF
mice. Luminal (n � 11–15; A) and tissue (n � 5–8; B) CA levels were
measured by the method described in METHODS. Open and closed circles show
NE (left vertical axis) and DA (right vertical axis) levels, respectively.
***Significantly higher than the corresponding ileum value (P � 0.001).
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lumen of the GF mice to verify the involvement of gut bacteria
in the production of free CA.

Gnotobiotic mice associated with either a mixture of 46
Clostridia species (Clostridia) or fecal flora from SPF mouse
(EX-GF) showed a drastic elevation of free NE and DA levels
(Fig. 6A). Likewise, cecal contents from such gnotobiotic mice
also exhibited a higher GUS activity compared with those from
GF mice (Fig. 6B).

Bacteria-derived GUS is necessary for full production of
free CA. The change in luminal CA levels were examined in
the cecum after GF mice were colonized with either E. coli
mutant strain lack of GUS-encoded gene uidA (JW1609:

GUS) or its parent E. coli strain (BW25113) to demonstrate

the critical role of bacteria-derived GUS in the production of
luminal CA. There was no difference in the number of bacteria
residing in the cecum between the BW25113- and 
GUS-
inoculated mice (BW25113, 10.4 � 0.04 log10CFU/g cecal
content; 
GUS, 10.3 � 0.04 log10CFU/g cecal content).

Figure 7A and Table 3 show that the 70% of DA was still in
the glucuronide-conjugated form even after the association
with 
GUS, although the 25% of the total DA were in the free
form. In contrast, the two-thirds of DA were converted into the
free form, while the 29% of the total DA remained conjugated
after the association with BW25113. The conjugated form of
NE was 29% of the total after inoculation with 
GUS, while
representing 15% of the total after inoculation with BW25113
(Fig. 7B). The GUS activity in the cecal lumen of 
GUS-
gnotobiotic mice was only marginally detectable, which was
almost identical with the GF value (n � 5 per each group;

GUS, 6.7 � 0.4 �g PheP·h�1·mg protein�1; GF, 6.4 � 0.3
�g PheP·h�1·mg protein�1). On the other hand, the BW25113
E. coli-gnotobiotic mice exhibited a small but significant in-
crease in GUS activity in the cecal lumen compared with the

GUS-gnotobiotic mice (n � 4; 11.6 � 1.3 �g PheP·h�1·mg
protein�1; P � 0.01 vs. 
GUS value). Interestingly, the GUS
activity in the cecal wall was significantly increased upon
exposure to 
GUS to the comparable level found upon expo-

Fig. 3. Free, glucuronide, and sulfate-conjugated CA in the gut lumen of SPF
mice. Luminal glucuronide- and sulfate-conjugated DA (n � 6; A) or NE (n �
6; B) levels in the ileum, cecum, and colon were analyzed by the methods
described in METHODS. The mean value of each form of CA is expressed as a
percentage of the total (free CA � conjugated CA). The open, closed, and
dotted bars show free, glucuronide-, and sulfate-conjugated CA, respectively.

Table 1. Free, glucuronide-conjugated, and
sulfate-conjugated CA in gut lumen of SPF mice

Free CA, ng/g
Glucuronide-Conjugated

CA, ng/g
Sulfate-Conjugated

CA, ng/g

Ileum
NE 9.0 � 2.1 3.8 � 1.9 1.7 � 1.2*
DA 15.7 � 4.1 44.9 � 5.1‡ 4.7 � 1.4

Cecum
NE 34.6 � 4.6 0.5 � 0.2† 1.5 � 0.4†
DA 115.4 � 14.4 1.6 � 1.0† 4.1 � 1.5†

Colon
NE 60.5 � 6.0 2.0 � 0.5† 0.6 � 0.2†
DA 177.0 � 10.9 2.5 � 0.7† 0.3 � 0.2†

Values are means � SE. Luminal glucuronide- and sulfate-conjugated
norepinephrine (NE) and dopamine (DA) levels in the gut lumen of specific
pathogen-free (SPF) mice (n � 6) were measured according to the methods
described in METHODS. CA, catecholamines. Significant difference from the
corresponding free NE or DA value: *P � 0.05; †P � 0.001; ‡P � 0.001 were
significantly different from the corresponding free NE or DA value.

Fig. 4. Cecal free CA levels in the lumen and tissue of SPF and germ-free (GF)
mice. Luminal (n � 5; A) and tissue (n � 6–8; B) free CA levels in the SPF
mice and GF mice were measured as described in METHODS. Luminal NE levels
(left vertical axis) in the SPF and GF mice were 35 � 5*** ng/g and 3.8 � 1.3
ng/g, respectively; luminal DA levels (right vertical axis) in the SPF and GF
mice were 115 � 14*** ng/g and 5.0 � 0.5 ng/g, respectively. ***Signifi-
cantly higher than the corresponding GF value (P � 0.001). Tissue NE levels
(left vertical axis) in the SPF and GF mice were 310 � 24 ng/g and 290 � 19
ng/g, respectively; tissue DA levels (right vertical axis) in the SPF and GF
mice were 25 � 4 ng/g and 22 � 3 ng/g, respectively.
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sure to BW25113 strain [n � 5 per each group; 
GUS, 3.00 �
0.25 �g PheP·h�1·mg protein�1 (P � 0.01 vs. GF value);
BW25113, 2.72 � 0.18 �g PheP·h�1·mg protein�1 (P � 0.05
vs. GF value); GF, 1.93 � 0.06 �g PheP·h�1·mg protein�1].
Collectively, these results indicate that gut microbiota play a
critical role in the generation of luminal free CA via their GUS.
The bacteria-induced increase in tissue GUS activity may be
involved in this generation.

Luminal DA exerts pro-absorptive effects on water transport
in the colon. Luminal administration of NE or DA stimulates
active ion and water absorption via adrenergic or dopaminergic

receptor activation in the intestine (5, 6), thus demonstrating
the role of luminal DA as a pro-absorptive modulator of ion
and water transport. Therefore, the effects of DA on water
absorption were examined using an in vivo colon loop model
(8, 13) of SPF mice.

The injection of 10 micromoles of DA into the loop were
found to induce a 30% increase in water absorption out of the
gut lumen compared with the vehicle injection without DA
(n � 8 per each group, vehicle 55 � 5 �l·30 min�1·cm�1; DA
72 � 4 �l·30 min�1·cm�1; P � 0.05).

Therefore, these results support the previous findings that
luminal DA could have a pro-absorptive effect on colonic
epithelial cells.

DISCUSSION

The present study identified substantial levels of free DA
and NE in the gut lumen of the mice raised under SPF
condition. The free DA and NE levels in the lumen of the
cecum were particularly lower in the GF mice than in the SPF
mice. Interestingly, �90% of DA and NE was a biologically
active, free form in the SPF mice; on the contrary, �90% of
DA and 40–50% of NE were present as a biologically inactive,
conjugated form in the GF mice. Moreover, association with
either a mixture of Clostridium cocktail or fecal microbiota

Fig. 5. Free glucuronide- and sulfate-conjugated CA in the gut lumen of GF
mice. Luminal glucuronide- and sulfate-conjugated DA (A) or NE (B) levels in
the ileum, cecum, and colon were analyzed according to the methods described
in METHODS. The mean value of each form of CA is expressed as a percentage
of the total (free CA � conjugated CA). The open, closed, and dotted bars
show free, glucuronide-conjugated, and sulfate-conjugated CA, respectively.

Table 2. Free, glucuronide-conjugated, and
sulfate-conjugated CA in gut lumen of GF mice

Free CA, ng/g
Glucuronide-Conjugated

CA, ng/g
Sulfate-Conjugated

CA, ng/g

Ileum
NE 7.5 � 3.7 1.9 � 0.3 0.4 � 0.1
DA 1.5 � 0.3 130.1 � 16.3† 3.6 � 0.7

Cecum
NE 3.8 � 1.3 2.8 � 0.6 0.4 � 0.1*
DA 5.0 � 0.5 136.9 � 29.7† 6.6 � 1.6

Colon
NE 3.2 � 0.6 2.8 � 0.6 0.4 � 0.1*
DA 4.8 � 0.3 138.0 � 20.1† 7.0 � 1.1

Luminal glucuronide- and sulfate-conjugated NE and DA levels in the gut
lumen of germ-free (GF) mice (n � 6) were measured according to the
methods described in METHODS. Signficantly different from the corresponding
free NE or DA value: *P � 0.05; †P � 0.001.

Fig. 6. Luminal free CA levels and �-glucuronidase (GUS) activity in the
cecum of gnotobiotic mice. A: cecal luminal contents from EX-GF (n � 6) and
Clostridia (n � 6)-associated mice were processed for free NE and DA
measurement, as described in METHODS. Free NE concentrations in the GF,
EX-GF, and Clostridia-mice were 2.6 � 0.3 ng/g, 18 � 1 ng/g***, and 27 �
3 ng/g***; free DA concentrations were 16.3 � 0.7 ng/g, 120 � 16 ng/g***,
and 114 � 10 ng/g***. ***P � 0.001 was significantly higher than the
corresponding GF value. B: cecal luminal contents of GF, EX-GF, and
Clostridia-associated mice were subjected to the measurement of GUS activ-
ity, as described in METHODS. GUS activity in the GF, EX-GF, and Clostridia-
mice were 6 � 0.3 �g PheP·h�1·mg protein�1, 110 � 8 �g PheP·h�1·mg
protein�1***, and 173 � 16 �g PheP·h�1·mg protein�1***. ***P � 0.001
was significantly higher than the corresponding GF value.
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from SPF mice, both of which had abundant GUS activity,
resulted in a drastic elevation of free DA and NE. However, the
70% of DA were still in the glucuronide-conjugated form in the
cecum of GF mice colonized with a mutant strain of E. coli that
is deficient of GUS gene. Finally, the injection of 10 micro-
moles of DA into a colon loop significantly increased water
absorption out of the gut lumen compared with the control
injection without DA. This is the first report indicating that gut
microbiota play a critical role in the generation of free CA in
the gut lumen.

Previous findings suggest that CA originated from the host
may make resident bacteria increase bacterial virulence by
acting through a specific receptor on bacterial cells. Indeed,
Lyte and Bailey (28) reported that release of CA following the
destruction of noradrenergic terminals by the neurotoxin 6-hy-
droxydopamine increased the number of E. coli in the cecum of
mice. This in vivo work is very important because it is the first
report showing the possible involvement of host CA in bacte-
rial pathogenicity; however, no actual increase in the luminal
CA levels was demonstrated in that paper due to the technical
difficulties encountered with the use of luminal contents. The
current methods are thus expected to unravel some important
unanswered questions and thus contribute to further advances
in this research field.

Many exogenous and endogenous compounds are conju-
gated in the liver or the gut and excreted by the bile (20). Some

hormones are also conjugated by glucuronidation, sulfation,
and methylation (16, 17). For example, glucuronide and sulfate
conjugation are reported to be important pathways in the
peripheral metabolism of thyroid hormone (17). The thyroid
hormone is mainly conjugated by the enzymes such as UDP-
glucuronosyltransferase in the liver, and the conjugated form is
excreted into the bile. The excreted iodothyronine sulfates and
glucuronides are hydrolyzed by gut microbiota. Thereafter,
they are presumed to be absorbed from the gastrointestinal tract
as a biologically active hormone. Together with the present
results that free CA was produced by the hydrolysis of conju-
gated CA by microorganism-derived GUS, these findings sug-
gest the following scenario about CA absorption and metabo-
lism: CA contained in the diet are digested and absorbed from
the gut. They are conjugated in the liver and then released into
the gut via the bile duct. These CA are deconjugated by
bacterial GUS, and the resulting free CA might be reabsorbed
from the gut, thus making up the “enterohepatic circulation.” A
research project using surgical technique is now in progress to
clarify whether gut-liver circulation does exist as a pathway of
CA metabolism.

The GUS from E. coli is a 290-kDa tetrameric protein and
essentially free of sulfatase activity (23). Its optimal pH is 6.8,
whereas that of the tissue-type GUS is 4.5 (38). The mean pH
in the intestinal lumen ranges from 6.5 to 	7.9 (upper segment
of the small intestine) to 6.8 to 	8.0 (colon) in rodents (20, 42,
53); thus these findings indicate that the conversion from
conjugated CA to free CA in the gut lumen is largely depen-
dent on bacterial GUS. However, the present result that gno-
tobiotic mice associated with 
GUS still had the capability to
generate significant amounts of free CA in the cecal contents
suggests the significant contribution of tissue type GUS to the
generation of free CA in the gut lumen. The colonization with

GUS significantly elevated cecal tissue GUS activity to the
same levels as the colonization with the parent strain E. coli
BW25113. These findings suggest a potentially important con-
tribution of tissue-derived GUS to the de-glucuronidation pro-
cess of conjugated CA, although precisely how and to what
extent tissue-derived GUS is involved in the conversion of the
luminal conjugated form into the free form in the gut remains
to be elucidated.

The gastrointestinal tract is densely innervated by noradren-
ergic and dopaminergic nerves, whose fibers are found in the
mucosa of the intestines (26). Therefore, it is possible that CA
present in the enteric nervous system might be released into the

Table 3. Free, glucuronide-conjugated, and
sulfate-conjugated CA in cecal lumen of BW25113- and
JW1609-inoculated mice

Free CA, ng/g
Glucuronide-Conjugated

CA, ng/g
Sulfate-Conjugated

CA, ng/g

BW25113
NE 2.8 � 0.4 0.6 � 0.2 0.3 � 0.1
DA 72.3 � 8.8 31.5 � 2.5 7.3 � 0.8

JW1609 (
GUS)
NE 2.2 � 0.3 1.1 � 0.3 0.3 � 0.1
DA 31.9 � 4.3* 87.9 � 3.4† 6.9 � 1.0

Luminal glucuronide- and sulfate-conjugated NE and DA levels in the cecal
lumen of BW25113- (n � 5) and JW1609 (
GUS; n � 5)-inoculated mice
were measured according to the methods described in METHODS. Significantly
different from the corresponding BW25113 value: *P � 0.01; †P � 0.001.

Fig. 7. Free, glucuronide- and sulfate-conjugated CA in the cecal lumen of the
mice colonized with E. coli mutant strain JW1609 or its parent strain
BW25113. The cecal contents were subjected to the measurement of free,
glucuronide-conjugated, and sulfate-conjugated NE (A) and DA (B) levels 4
wk after exposure to E. coli mutant strain devoid of GUS (n � 5, JW1609:

GUS) or its parent strain (n � 5, BW25113). The GF and SPF data shown in
this figure are identical with ones shown in Tables 1 and 2. The mean value of
each form of CA is expressed as a percentage of the total (free CA �
conjugated CA). The open, closed, and dotted bars show free, glucuronide-
conjugated, and sulfate-conjugated CA, respectively.

G1293EFFECTS OF GUT MICROBES ON LUMINAL CATECHOLAMIES

AJP-Gastrointest Liver Physiol • doi:10.1152/ajpgi.00341.2012 • www.ajpgi.org

 by 10.220.33.2 on July 9, 2017
http://ajpgi.physiology.org/

D
ow

nloaded from
 

http://ajpgi.physiology.org/


gut lumen, thus contributing to the luminal CA levels. How-
ever, this possibility seems unlikely, because the dominance of
NE levels over DA levels in gut tissue was in sharp contrast
with the dominance of the latter over the former in the gut
lumen. Moreover, there was no significant association between
the tissue and the luminal CA levels. Nonetheless, it should be
noted that the CA released from the enteric nervous system
might affect luminal CA levels under some pathological con-
ditions, such as severe stress and enteric infection.

Russian researchers (39, 49) have reported that some species
of microorganisms can produce CA in an in vitro culture
system. In fact, transcripts that have some similarity with
mammalian tyrosine hydroxylase, a rate-limiting enzyme, are
found in some species of bacteria (18, 44). The present study
found no significant difference in the total DA levels (free �
conjugated types) of the cecal contents among the GF, SPF,
and gnotobiotic mice; however, the total NE levels of the cecal
contents were still lower in the GF mice than in the SPF or
gnotobiotic mice. These results suggest gut microbes are a
likely source for gut luminal NE. In addition, gut bacteria
enriched from mouse feces did contain substantial amounts of
NE and a lesser amount of DA (unpublished observations).
Therefore, it is reasonable to speculate that gut microbes may
be important as a source of luminal CA, especially NE.
However, some species of bacteria, such as E. coli, have a
functional transporter for CA, such as the bacterial neurotrans-
mitter sodium symporter family member Leu T (43). There-
fore, there is insufficient evidence to determine whether the NE
and DA found in gut microbes originate from bacterial pro-
duction by tyrosine hydroxylase-like enzyme or if they are just
taken from the gut lumen via a Leu T-like transporter.

DA 1A receptors are identified in the cells at the base of the
intestinal crypts of rat small intestine (50). Moreover, �2-
adrenergic receptors are also reported to be present on gut
epithelial cells (25). These findings suggest an important in-
teraction between the luminal CA and gut epithelial cells. In
fact, the luminal administration of DA stimulates active ileal
ion absorption via �2-adrenergic or dopaminergic receptor
activation, demonstrating the role of luminal DA as a proab-
sorptive modulator of ion and water transport (5, 6). These
results were also confirmed by the present results, in which the
injection of 10 �M DA exerted pro-absorptive effects on gut
epithelial cells. More importantly, Vlisidou et al. demonstrated
that the injection of CA augments E. coli O157:H7 pathoge-
nicity in a bovine ligated ileal loop model (51). Collectively, it
is reasonable to speculate that such luminal CA might be
involved in not only pro-absorptive functions and alteration in
bacterial pathogenicity but also in a variety of physiological
and pathological functions, such as gut motility (45) and
modulation of immune reactions (33, 40). Clarifying such
unidentified functions should further support the hypothesis
that CA are important molecules signaling between gut micro-
organisms and intestinal epithelial cells under physiological
conditions.

In conclusion, the present results indicate that gut microbiota
play a crucial role in generating the biologically active, free
form of CA in the lumen of the gut. Further studies are called
for to elucidate luminal CA-related functions and their precise
mechanisms, but the present data offer a firm foundation for
this rapidly developing field of research and help to clarify the

complex interactions and pathways involved in the bidirec-
tional communication between gut microbes and the host.
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