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Helicobacter pylori, a pathogen responsible for gastric cancer,
contains a unique glycolipid, cholesteryl-α-D-glucopyranoside
(CGL), in its cell wall. Moreover, O-glycans having α1,4-linked N-
acetylglucosamine residues (αGlcNAc) are secreted from gland mu-
cous cells of gastric mucosa. Previously, we demonstrated that CGL
is critical for H. pylori survival and that αGlcNAc serves as antibiotic
against H. pylori by inhibiting CGL biosynthesis. In this study, we tested
whether a cholesterol analog, cholest-4-en 3-one (cholestenone), ex-
hibits antibacterial activity against H. pylori in vitro and in vivo. When
the H. pylori standard strain ATCC 43504 was cultured in the presence
of cholestenone, microbial growth was significantly suppressed
dose-dependently relative to microbes cultured with cholesterol,
and cholestenone inhibitory effects were not altered by the presence
of cholesterol. Morphologically, cholestenone-treated H. pylori
exhibited coccoid forms. We obtained comparable results when we
examined the clarithromycin-resistant H. pylori strain “2460.”We also
show that biosynthesis of CGL and its derivatives cholesteryl-6-O-
tetradecanoyl-α-D-glucopyranoside and cholesteryl-6-O-phosphati-
dyl-α-D-glucopyranoside in H. pylori is remarkably inhibited in cul-
tures containing cholestenone. Lastly, we asked whether orally
administered cholestenone eradicated H. pylori strain SS1 in C57BL/6
mice. Strikingly, mice fed a cholestenone-containing diet showed sig-
nificant eradication of H. pylori from the gastric mucosa compared
with mice fed a control diet. These results overall strongly suggest
that cholestenone could serve as an oral medicine to treat patients
infected with H. pylori, including antimicrobial-resistant strains.
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Helicobacter pylori is a gram-negative microaerophilic pathogen
that colonizes the human stomach in approximately half the

world’s population. It is well established that H. pylori infection is
closely associated with pathogenesis of chronic active gastritis,
peptic ulcer, gastric cancer, and gastric mucosa-associated lymphoid
tissue lymphoma (1–4). Thus, in 1994,H. pylori was categorized as a
Group I carcinogen by the World Health Organization’s Interna-
tional Agency for Research on Cancer. Accordingly, eradication
therapy for H. pylori is expected to decrease the incidence of gastric
cancer (5–7). In fact, eradication of the bacterium has been suc-
cessfully achieved in ∼90% of infected patients using a combination
of three drugs, namely, a proton pump inhibitor (PPI), clari-
thromycin, and amoxicillin (8, 9). However, successful eradication
has been challenged by emergence of drug-resistant strains, in
particular, clarithromycin-resistant H. pylori (10). Thus, develop-
ment of new strategies as eradication therapy for H. pylori including
drug-resistant strains is needed.
The cell wall of Helicobacter species, including H. pylori, characteris-

tically contains unique glycolipid α-cholesteryl glucosides (αCGs),
of which the major components are cholesteryl-α-D-glucopyr-
anoside (CGL), cholesteryl-6-O-tetradecanoyl-α-D-glucopyrano-
side (CAG), and cholesteryl-6-O-phosphatidyl-α-D-glucopyranoside
(CPG) (11). αCGs are synthesized by cholesterol α-glucosyltransferase

(αCgT), which transfers glucose from UDP-glucose to a carbon
atom at the third position of cholesterol with an α1,3-linkage
(SI Appendix, Fig. S1A). On the other hand, gastric gland mucous
cells secrete unique O-glycans having terminal α1,4-linked N-
acetylglucosamine (αGlcNAc) attached to the scaffold protein
MUC6. Previously, we revealed that αGlcNAc suppresses H. pylori
growth by inhibiting αCgT activity, which forms CGL (12, 13).
Because the H. pylori genome does not encode enzymes required
for cholesterol biosynthesis, microbes require exogenous choles-
terol to synthesize αCGs (14, 15).
Cholestenone is a cholesterol analog catabolized from choles-

terol by intestinal bacteria, including human-derived Escherichia
coli, Eubacterium, and Bacteroides sp. that replace the steroid 3β-
hydroxyl group with a keto group (16–20). Because the hydroxyl
group at the cholesterol third position is critical to form CGL, we
hypothesized that cholestenone cannot serve as an αCgT substrate
(SI Appendix, Fig. S1B) and thus that cholestenone treatment
could inhibit H. pylori growth due to defective CGL biosynthesis.
In the present study, we examined growth capacity of H. pylori

in vitro in the presence of cholesterol and analogs including
cholestenone, β-sitosterol, and cholestanol (SI Appendix, Fig. S2).
Our results clearly indicate that growth of H. pylori, including that
of a clarithromycin-resistant strain, was significantly suppressed by
cholestenone through inhibition of CGL biosynthesis. When
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cholestenone was orally administered to H. pylori-infected
C57BL/6 mice, mice showed successful eradication of the mi-
crobe. Because cholestenone is safe, therapy using choles-
tenone could be a promising approach to eliminate H. pylori
infection in humans, including infection with antibiotic-resistant
strains.

Results
Incorporation of Cholesterol into H. pylori. Because H. pylori cannot
synthesize cholesterol, microbes require exogenous cholesterol to
synthesize CGL required for bacterial growth (12). However, ac-
tually incorporated cholesterol into H. pylori had not been visu-
alized. To visualize exogenous cholesterol incorporation into the
cell wall, we grew microbes in cultivation broth containing the
fluorocholesterol, TopFluor cholesterol, rather than cholesterol
(SI Appendix, Fig. S3). H. pylori cultured with TopFluor choles-
terol grew well, but the growth rate was significantly lower than
that seen in the presence of cholesterol (Fig. 1A). Using fluores-
cent microscopy, we detected incorporation of TopFluor choles-
terol into the H. pylori cell wall, and the relative number of H.
pylori incorporating TopFluor cholesterol increased with days in
culture (Fig. 1B). These results indicate that H. pylori incorporates
exogenous fluorocholesterol.

Effects of Cholesterol Derivatives on H. pylori Growth. We hypoth-
esized that a hydroxyl group at the third position of the cholesterol
carbon atom was critical to form CGL, which is essential for H.
pylori survival (SI Appendix, Fig. S1), as α-glucose is attached to
this site. To test this hypothesis, we used three kinds of sterol
derivatives, including cholestenone, cholestanol, and β-sitosterol,
as supplements for H. pylori (ATCC 43504) culture. Among them,
cholestenone has a keto group at the third position of carbon atom,
while both cholestanol and β-sitosterol have a hydroxyl group at
that position (SI Appendix, Fig. S2). As a positive control, we
employed cholesterol as a supplement. Most rewardingly, H. pylori
growth was markedly suppressed in the presence of cholestenone
(Fig. 2A), and microbial shape changed from a normal spiral form
to a coccoid form, a transformation evident by day 2 of culture
(Fig. 2B). By contrast, H. pylori cultured with cholestanol or
β-sitosterol grew as well as microbes grown in cholesterol (Fig. 2A).
We observed similar effects on bacterial proliferation and mor-
phology when we tested various cholesterol derivatives using the

clinically isolated H. pylori strain “2460,” which is resistant to
clarithromycin (Fig. 2 C and D). These results suggest that cho-
lestenone inhibits H. pylori growth, most likely by blocking CGL
biosynthesis.

Growth Inhibitory Effects of Cholestenone in Presence of Cholesterol.
H. pylori attaches to surface mucous cells, which contain cholesterol
(21). Thus, we asked whether cholestenone would inhibit growth of
H. pylori growth cultured in medium containing an equal concen-
tration of cholesterol. As shown in Fig. 3A, growth of the H. pylori
standard strain ATCC 43504 was significantly inhibited by 150 μM
cholestenone, either with or without the same concentration of
cholesterol (Fig. 3A). Such inhibitory effects were also observed
dose-dependently at day 4 of a 4 d culture at cholestenone con-
centrations ranging from 4.7 to 150 μM in the presence of 150 μM
cholesterol (Fig. 3B). We then tested cholestenone antimicrobial
effects using a clinically isolated H. pylori strain “2460” resistant to
clarithromycin. Surprisingly, over a 4 d culture period, inclusion of
150 μM cholestenone in media suppressed microbial growth irre-
spective of the presence or absence of the same concentration of
cholesterol, an effect that was significant except at day 2 of culture.
(Fig. 3C). Moreover, in the presence of 150 μM cholesterol, in-
clusion of cholestenone in medium had an overall dose-dependent
inhibitory effect on growth at concentrations ranging from 4.7 to
150 μM (Fig. 3D).

H. pylori Cultured with Cholestenone Show Reduced CGL Expression.
To determine whether cholestenone suppressed CGL biosynthesis,
we analyzed lipid fractions extracted fromH. pylori cultured 2 d with
cholesterol or cholestenone by thin-layer chromatography. H. pylori
(ATCC 43504) cultured with standard medium containing 10%
inactivated horse serum exhibited three distinct bands representing
CGL and its derivatives CAG and CPG (Fig. 4A). When H. pylori
was cultured with cholesterol, we detected bands representing CGL
and CAG. However, relative to levels seen in the presence of
cholesterol, CGL and CAG levels were significantly decreased in H.
pylori cultured with cholestenone (Fig. 4A). We also observed rel-
atively reduced CGL expression in H. pylori cultured with choles-
tenone based on immunocytochemistry with a newly generated anti-
CGL antibody, which we validated using an antigen adsorption test
(Fig. 4B). Prior to that, immunocytochemistry with commercially
available anti-H. pylori antibody revealed that H. pylori (ATCC
43504) cultured 4 d with inactivated horse serum or cholesterol

Fig. 1. Cholesterol incorporation into H. pylori. (A) Growth curves of H. pylori (ATCC 43504) in media containing cholesterol (circles) or the fluorocholesterol
TopFluor cholesterol (squares). Assay was done in triplicate, and error bars indicate SE (*P < 0.05, **P < 0.01). (B) Fluorescence microscopy of H. pylori (ATCC
43504) cultured as indicated over 4 d (Scale bar, 5 μm).
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exhibited the typical spiral form, whereas H. pylori cultured with
cholestenone exhibited a coccoid form (Fig. 4B). When mi-
crobes in this analysis were immunostained with anti-CGL
antibody, expression levels of CGL in coccoid forms of H. py-
lori cultured with cholestenone were reduced compared with
spiral forms of the microbe cultured with cholesterol (Fig. 4B).
These combined results strongly suggest that cholestenone
suppresses CGL biosynthesis.

In Vivo Effects of Cholestenone Administration in H. pylori-Infected
Mice. To determine whether orally administered cholestenone
would eliminate H. pylori in vivo, we orally infected 5-wk-old
C57BL/6 mice (n = 54) with two doses of 3 × 107H. pylori strain SS1
and then, starting a week later, fed them ad libitum with food pellets
with or without 0.5% (wt/wt) cholestenone until 10 wk of age
(Fig. 5A). At 10 wk of age, stomachs were removed from both
cholestenone (+) and (−) groups. We then determined the number

Fig. 2. Growth curves and morphology of H. pylori cultured with various sterols. (A) Growth curves of a standard H. pylori strain (ATCC 43504) cultured in
medium supplemented with 150 μM indicated sterols. Each value represents the average of triplicate measurements, and error bars indicate SE. Statistical
analysis was performed using cholesterol as a reference (*P < 0.05, **P < 0.01). (B) Morphology of H. pylori (ATCC 43504) cultured with indicated sterols over a
4 d culture period. Immunocytochemistry was performed using an anti-H. pylori antibody (Scale bar, 2 μm). (C) Growth curves of the clarithromycin-resistant
strain H. pylori (“2460”) cultured in medium supplemented with 150 μM indicated sterols. Each value represents the average of triplicate measurements, and
error bars indicate SE. Statistical analysis was performed using cholesterol as a reference (*P < 0.05). (D) Morphology of H. pylori (“2460”) cultured with
indicated sterols over a 4 d culture period. Immunocytochemistry was performed using an anti-H. pylori antibody (Scale bar, 2 μm).
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of H. pylori in stomach using qPCR of DNA harboring the H. pylori
αCgT gene, which encodes cholesterol αCgT that catalyzes CGL
biosynthesis (22–24). The copy number of αCgT ranged from 0 to
45.6 copies (median [25th to 75th percentile] = 2.65 [0.91 to 8.13])
per 1 mg gastric mucosa in the cholestenone (−) group (n = 24) and
ranged from 0 to 9.1 copies (0.00 [0.00 to 0.10]) per the same weight
of gastric mucosa in the cholestenone (+) group (n = 24) (Fig. 5B).
Because αCgT is a single-copy gene in the microbe, we conclude
that the number of H. pylori in the cholestenone (+) group was
significantly lower than that in the cholestenone (−) group (P <
0.01). These results establish that 4 wk of dietary cholestenone
administration successfully eradicates H. pylori infected in the gas-
tric mucosa of mice. Histopathological examination of the gastric
mucosa showed no obvious histopathological findings in all mice

(n = 6), including three mice in the cholestenone (−) group and
three mice in the cholestenone (+) group (Fig. 5C).

Discussion
Here, we report that cholestenone suppresses H. pylori growth via
a mechanism distinct from that of clarithromycin or amoxicillin,
which are generally used for H. pylori eradication. Specifically,
clarithromycin inhibits peptide translation, and amoxicillin inhibits
peptidoglycan biosynthesis in the cell wall (25). Hirai et al.
reported that H. pylori exhibits the unique glycolipids CGL, CAG,
and CPG, which make up about 25% of total lipid (11). H. pylori
can be grown in liquid cultures containing Columbia broth, Brain
Heart infusion broth, or Brucella broth, all enriched with inacti-
vated horse serum (26). H. pylori incorporates exogenous choles-
terol contained in all of these media to form CGL as a cell wall

Fig. 3. Effects of cholesterol and cholestenone on H. pylori growth. (A) Growth curves of a standard H. pylori strain (ATCC 43054) cultured in medium
supplemented with either 150 μM cholesterol, 150 μM cholestenone, or both. Assay was done in triplicate, and error bars indicate SE. Statistical analysis was
performed based on cholesterol values (**P < 0.01). (B) Growth curves of H. pylori ATCC 43054 strain cultured for 4 d in medium supplemented with 150 μM
cholesterol plus concentrations of cholestenone ranging from 4.7 to 150 μM. All assays were done in triplicate, and error bars indicate SE. (C) Growth curves of
a clarithromycin-resistant strain H. pylori “2460” cultured in medium supplemented with either 150 μM cholesterol, 150 μM cholestenone, or both. Assay was
done in triplicate, and error bars indicate SE. Statistical analysis was performed based on cholesterol values (**P < 0.01). (D) Growth curves of the H. pylori
“2460” strain cultured for 4 d in medium supplemented with 150 μM cholesterol plus concentrations of cholestenone ranging from 4.7 to 150 μM. All assays
were done in triplicate, and error bars indicate SE.
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component, and CGL is critical for H. pylori survival (27). Previ-
ously, we found that H. pylori can grow well with exogenous
cholesterol but poorly in serum-free medium (12). Despite the fact
that H. pylori requires cholesterol to construct its cell membrane
(13), H. pylori does not possess a cholesterol biosynthetic pathway
(14, 15, 28, 29). Here, we supplemented culture medium with
fluorescent cholesterol and found it incorporated into H. pylori
(Fig. 1B). We also demonstrated that cholestenone inhibited
biosynthesis of CGL and its derivatives CAG and CPG (Fig. 4A).
Cholestenone inhibition of H. pylori growth was also associated
with the coccoid form of the microbe (Fig. 2B), a morphological
transformation also seen in αCgT-deficient H. pylori (30). It is well
known that like spiral forms, coccoid forms of H. pylori are viable,
but unlike spiral forms, coccoid forms are nonculturable and rel-
atively less virulent (31). Notably, Eaton et al. revealed that coc-
coid forms of H. pylori cannot colonize gnotobiotic piglets, unlike
spiral forms (32). These results combined together strongly sug-
gest that H. pylori cultured with cholestenone is nonvirulent and
loses infectivity.
The present study demonstrated that cholestenone displayed

remarkable antibiotic activity against H. pylori, even in the pres-
ence of cholesterol (Fig. 3). We previously reported that αCgT
acts in an ordered Bi–Bi manner (i.e., UDP-Glucose binds to
catalytic site of αCgT, and then cholesterol binds to another
substrate binding site of the enzyme, thus forming CGL) (33). In
the same study, we also demonstrated that CGL inhibits αCgT in
presence of cholesterol in a mixed-type manner. Because of
structural similarity between CGL and cholestenone (SI Appendix,
Fig. S1), it is most possible that cholestenone inhibited αCgT in a
mixed-type manner. Further study will be needed to address
this problem.
Catabolic transformation of cholesterol to cholestenone requires

oxidation of the 3β-hydroxyl group, which is catalyzed by two dif-
ferent enzymes: cholesterol oxidase (ChOx) or 3β-hydroxysteroid
dehydrogenase (3β-HsD) (18–20). ChOx and 3β-HsD have been

isolated from bacteria such as Bacteroides sp., Bacillus spp., Myco-
bacterium sp., Rhodococcus spp., Nocardia sp., Arthrobacter sp., and
Pseudomonas sp. Some strains of E. coli, Eubacterium, and Bacter-
oides isolated from humans produce cholestenone (16, 17), and
Bacteroides is a major microbe in human gut microbiota (34).
However, little is known about why cholesterol is converted to
cholestenone in microorganisms, except that in Myobacterium tu-
berculosis, cholestenone may suppress the host immune responses
(18). Importantly, cholestenone has few toxicological effects. In fact,
Suzuki et al. demonstrated favorable effects of cholestenone on
lipid metabolism, such as body weight control in mice, and reported
that mice fed cholestenone are healthy without clinical abnormali-
ties (35). Furthermore, there is no evidence that cholestenone is a
mutagen (36).
We revealed that cholestenone alone administered orally to H.

pylori-infected mice had an eradication effect (Fig. 5B). As yet,
no drug has been reported to have eradicative effects in vivo on
H. pylori infection when given as a single agent. In this study, no
attempt was made to detect cholestenone in the stomach of mice.
However, since cholestenone is resistant to acid (37), it is
thought to act stably against H. pylori in the stomach. For the
clinical application of cholestenone, studies on dosage, admin-
istration period, and safety are needed. In the event that clinical
use in humans is approved in the future, administration of cho-
lestenone is expected to be as effective as antibiotics in eradi-
cating H. pylori.
Strikingly, H. pylori growth suppression by cholestenone was also

effective against a clinically isolated drug-resistant H. pylori strain.
First-line triple therapy including amoxicillin, clarithromycin, and a
PPI administered one week is used to treat H. pylori infection (38).
However, this treatment fails in 17.2% of patients, mainly due to
clarithromycin resistance (39). Thus, metronidazole is employed
instead of clarithromycin as second-line triple therapy (40). How-
ever, 26.7% of those patients fail due to metronidazole resistance
(39). In addition,H. pylori showing multidrug resistance is increasing

Fig. 4. Cholestenone treatment reduces CGL expression in H. pylori. (A) Thin layer chromatogram of αCGs isolated from H. pylori (ATCC 43054) cultured with
supplements including inactivated horse serum (as a control) or cholesterol or cholestenone, as indicated. (B) Morphology of H. pylori cultured with various
supplements. H. pylori (ATCC 43054) was immunostained with anti-CGL antibody (Upper, first three panels) or anti-H. pylori antibodies (Lower, first three
panels). Also shown is staining with secondary antibody (Histofine Simple Stain MAX-PO[R] Kit) alone (Upper and Lower, panel 4). Immunocytochemistry of H.
pylori (ATCC 43504) incubated in Brucella broth was supplemented with 10% inactivated horse serum at 35 °C in 15% CO2 for 24 h with anti-CGL antibody
preincubated with 0.75 μM of oxidized CGL as hapten is shown as antigen adsorption (Upper, panel 5) (Scale bar, 2 μm).
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worldwide (41–43), and emergence of antibiotic-resistant H. pylori
strains has led to reduced success with traditional treatments (44).
Vivas et al. have proposed that if no new drug is developed to treat
pathogenic bacteria by 2050, there will be no effective antibiotic
available (45). Thus, new antibiotics having mechanisms distinct
from traditional agents are required for H. pylori eradication. Our
findings indicate that cholestenone is a potent candidate as an an-
tibiotic for H. pylori including clarithromycin-resistant strain by
suppressing CGL.

Materials and Methods
Bacterial Strains. A standard strain of H. pylori ATCC 43504 (46) and a mouse-
adapted strain H. pylori SS1 (47) were used as described (12, 13, 48). Also
used was the drug-resistant H. pylori “2460”, which was clinically isolated at
Shinshu University Hospital, Matsumoto, Japan and stored at −80 °C in De-
partment of Laboratory Medicine in the same hospital.

Bacterial Growth Assay. Microbes (ATCC 43504, H. pylori “2460”, and H. pylori
SS1) were preincubated in Brucella broth supplemented with 10% inactivated
horse serum at 35 °C in 15% CO2 for 24 h, as described previously (49). After
preincubation, H. pylori were subsequently cultured in 96-well plates in
Mueller Hinton broth supplemented with various concentrations of choles-
terol and analogs including fluorocholesterol (23-(dipyrrometheneboron
difluoride)-24-norcholesterol; TopFluor Cholesterol), cholestenone, β-sitosterol,
and cholestanol. Supplement concentrations were adjusted to 150 μM, 75 μM,
38 μM, 19 μM, 9 μM, and 4.7 μM by twofold serial dilutions. Microbes were
cultured 4 d in 15% CO2 at 35 °C. Bacterial growth was measured based on OD
at 600 nm (OD600), and the absorbance of Mueller Hinton broth alone without
microbes was measured at each time point as background. Horse serum was
purchased from GIBCO/Life Technologies. Brucella broth was purchased from

Becton Dickinson. Mueller Hinton broth was purchased from Eiken Chemical.
Cholesterol, cholestenone, and β-sitosterol were purchased from Wako Pure
Chemical. Cholestanol was purchased from Toronto Research Chemicals. Top-
Fluor Cholesterol was purchased from Avanti Polar Lipids.

Production of the CGL Polyclonal Antibody. CGL was purified from glycolipid
fractions of the standard strain of H. pylori (ATCC43504) separated on a silica
gel thin-layer chromatography plate using chloroform–methanol–water
(70:30:5) solvent. A carboxy group was added to CGL by oxidization with
KMnO4, followed by keyhole limpet hemocyanin (KLH) conjugation via amine
coupling. In brief, 10 mg KLH was dissolved in 2.5 mL of 0.1 M 2-(N-morpho-
lino) ethanesulfonic acid (MES, pH 6.0). An aliquot (5 mL) of 1-ethyl-3-[3-
dimethylaminopropyl]carbodiimide 8 mg) and 12 mg of N-hydroxysuccinimide
dissolved in MES buffer (pH 6.0) was added to oxidized CGL and mixed for
15 min at room temperature (RT). Then, 2.5 mL KLH was added and the
mixture allowed to react 2 h at RT. The oxidized CGL–KLH conjugate was di-
alyzed over 24 h in 1 L × 4 of 0.15 M saline solution at 4 °C. Subsequently,
oxidized CGL–KLH was subcutaneously injected into two New Zealand White
rabbits (SLC, Shizuoka, Japan) at weekly intervals three times, followed by
additional injections given at 2 wk intervals, and animals were bled at 14 d
after injection. Antisera were used without purification. The protocol for an-
imal experiments was approved by the Animal Care Committee of Shinshu
University and conducted in accordance with guidelines for use of laboratory
animals at the same university (no. 200022).

Immunocytochemistry. A total 2 μL culture media of H. pylori (ATCC 43504 and
“2460” strains) used for the bacterial growth assay (as described above) was
obtained at each culture day, placed on Micro Slides Demarcation glass (Muto
Pure Chemical), air dried, and heat fixed using a flame. Slides were incubated
with anti-H. pylori antibody (DakoCytomation) or the anti-CGL antibody de-
scribed above for 1 h at room temperature, anti-rabbit immunoglobulins

Fig. 5. Effects of orally administered cholestenone on H. pylori-infected mice. (A) Treatment schedule used to test effects of cholestenone diet in C57BL/6
mice infected with H. pylori (SS1 strain). H. pylori was administrated orally a total of two times. (B) Copy numbers of the H. pylori αCgt gene present in 1 mg
gastric mucosa. Boxes represent 25th to 75th percentile of copy numbers, and the horizontal line shows the median value. Whiskers represent 10th and 90th
percentiles of copy numbers. Asterisk indicates a statistically significant difference (**P < 0.01). (C) Representative histopathology of the gastric mucosa of
mice, with hematoxylin and eosin staining (Scale bar, 50 μm).
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conjugated with horseradish peroxidase (HRP)-labeled polymer. A Histofine
Simple Stain MAX-PO(R) Kit (Nichirei Biosciences, Tokyo, Japan) served as the
secondary antibody. HRP activity was visualized using 3,3′-diaminobenzidine
(Dojindo) with H2O2. As negative controls, primary antibodies were omitted
from the immunocytochemistry procedure for H. pylori (ATCC 43504) incu-
bated in Brucella broth supplemented with 10% inactivated horse serum at
35 °C in 15% CO2 for 24 h; no specific staining was observed (Fig. 4B). In ad-
dition, anti-CGL antibody adsorbed with 0.75 μM of oxidized CGL as hapten
was used for the same culture conditions of H. pylori (ATCC 43504), and no
specific staining was noted (Fig. 4B).

Incorporation of Fluorescently Labeled Cholesterol. To verify that H. pylori
growth requires exogenous cholesterol, H. pylori were cultured with fluores-
cent cholesterol (SI Appendix, Fig. S3). Specifically, after preincubation, bac-
teria were cultured in 96-well microtiter plates in Mueller Hinton broth
supplemented with 150 μM of TopFluor cholesterol purchased from Avanti
Polar Lipids. Cholesterol alone, purchased from Sigma-Aldrich, served as a
positive control. Bacterial growth was measured as above. Incorporation of
fluorescent cholesterol was observed by fluorescence microscopy at days 1, 2,
and 4.

Preparation of Cholestenone/Cholesterol Mixtures. After preincubation, H.
pylori (ATCC 43504 and “2460”) were cultured in 96-well plates in Mueller
Hinton broth supplemented with cholesterol, cholestenone, or both. Con-
centrations of cholesterol or cholestenone alone were 150 μM, 75 μM, 38 μM,
19 μM, 9 μM, and 4.7 μM. In analysis of mixtures, cholesterol concentrations
were held constant at 150 μM, while cholestenone concentrations were
150 μM, 75 μM, 38 μM, 19 μM, 9 μM, and 4.7 μM. As controls, bacteria were
also cultured in Mueller Hinton broth supplemented with 150 μM cholesterol.
Bacterial growth was measured as above.

Thin-Layer Chromatography. Thin-layer chromatography was performed to
evaluate αCG synthesis. After preincubation, H. pylori (ATCC 43504) were
cultured 2 d in Mueller Hinton broth supplemented with 150 μM cholestenone
or 150 μM cholesterol as a control. As a standard culture, H. pylori were
also cultured in Brucella broth supplemented with 10% inactivated horse
serum. After centrifugation, cell pellets were washed in saline. A total 5 mL
chloroform:methanol (2:1) were added to pellets, and total lipids were
extracted for 1 h at room temperature. Extracts were filtered, and 1 mL
water was added, followed by removal of the aqueous layer. The remaining
layer was dried under nitrogen and redissolved in chloroform:methanol
(2:1). Purified lipids were separated on silica gel plates (Whatman, Maid-
stone, England), activated with a solvent of chloroform–methanol–water
(16:8:1), and analyzed using orcinol sulfate.

Mice. C57BL/6J mice were purchased from Charles River Japan (Kanagawa,
Japan) and maintained in autoclaved cages under specific pathogen-free
conditions at the Animal Facility of Shinshu University, Matsumoto, Japan.
Mice were bred until 10 wk of age. The protocol for animal experiments was
approved by the Animal Care Committee of Shinshu University and conducted
in accordance with guidelines for use of laboratory animals at the same uni-
versity (no. 300022).

Cholestenone Diet. A 0.5% cholestenone mix based on AIN-93G and AIN-93G
control diets used in the present study were purchased from Oriental Yeast.
Specifically, chemically synthesized cholestenone was purchased from Wako
Pure Chemical (catalog number 32-3190), and the purity measured by high-
performance liquid chromatography was 98.9% (lot number DSH8741).

Then, cholestenone diet was prepared by uniformly mixing cholestenone to
0.5% in AIN-93G at Oriental Yeast. Both cholestenone and AIN-93G control
diets sterilized by γ-ray irradiation were stored at 4 °C until the time of use.

Cholestenone Administration to H. pylori-Infected Mice. In total, 54 5-wk-old
male mice were given a total of two oral doses of H. pylori SS1 every other
day. Mice were fed the standard diet (MF, Oriental Yeast) for one week after
infection, and then the diet was changed to the base diet AIN-93G for 27 mice
(cholestenone [−] group) or the cholestenone-containing diet for the other 27
(cholestenone [+] group). Four weeks later, mice in both groups were killed by
cervical dislocation, and stomachs were removed for quantitation of H. pylori
(n = 48) and histological examination (n = 6).

qPCR. Stomachs from 48 mice (24 in the cholestenone [−] group and 24 in the
cholestenone [+] group) were opened along the greater curvature. The
gastric mucosa was scraped off with a glass slide, transferred to a sterile 1.5
mL tube, and the mucosal weight was measured (average 57 mg each). The
gastric mucosa was gently homogenized, followed by extraction of genomic
DNA using a High Pure PCR preparation Kit (Roche Diagnostics GmbH),
according to the manufacturer’s protocol. qPCR using SYBR Green I tech-
nology was performed using the 7300 Real-Time PCR System (Applied Bio-
systems) with the FastStart Universal SYBR Green Master (ROX) (Roche
Diagnostics GmbH) as detection chemistry. The upstream and downstream
primers designed to amplify H. pylori αCgT DNA for PCR were 5′-GGGCCT-
GATGAGAAAAAAATC-3′ and 5′-GTCGCGCTTAAAGGGCTATT-3′, respectively
(50). Because the αCgT gene is unique to H. pylori and present as one copy
per cell (14, 22, 23, 28), this assay estimates the number of H. pylori in mouse
stomach. The master mix for each PCR run was prepared as follows: 2x Fast
Start Universal SYBR Green Master (ROX), 300 nM each primer, 4.0 μL
extracted genomic DNA, and then DNase-free water to a final volume of
50 μL. The amplification program included an initial denaturation step at
95 °C for 10 min, followed by 60 cycles with denaturation at 95 °C for 15 s,
and annealing and elongation in one step at 60 °C for 1 min. At the end, the
dissociation stage was performed as follows: 95 °C for 15 s, 60 °C for 1 min,
and 95 °C for 15 s. Using a standard curve for αCgT gene in genomic DNA of
H. pylori as described before (50, 51), copy number of αCgT gene was de-
termined for each sample.

Histology. Stomachs from six mice (three in the cholestenone [−] group and
three in the cholestenone [+] group) were opened along the greater cur-
vature and fixed in 10% buffered formalin for 24 h at 4 °C. Each stomach
was cut longitudinally into four pieces of equal width and collectively em-
bedded in paraffin. Serial 3 μm sections were prepared from tissue blocks
and subjected to hematoxylin and eosin staining.

Statistics. Statistical analysis was carried out using ystat2013 software (Igaku
Tosho Shuppan). Significance was evaluated by Student’s t test, Dunnett’s
test, or Mann–Whitney U test. All parametric data are presented as means ±
SE, and nonparametric data are presented as percentile. A value of P < 0.05
was considered significant.

Data Availability.All study data are included in the article and/or SI Appendix.
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