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ABSTRACT

Infection with Helicobacter pylori causes chronic inflammation and is a risk factor for gastric cancer.
Antibiotic treatment or increased dietary folate prevents gastric carcinogenesis in male INS-GAS
mice. To determine potential synergistic effects, H. pylori-infected male INS-GAS mice were fed an
amino acid defined (AAD) diet with increased folate and were treated with antibiotics after 18
weeks of H. pylori infection. Antibiotic therapy decreased gastric pathology, but dietary folate had
no effect. However, the combination of antibiotics and the AAD diet induced anemia, gastric
hemorrhage, and mortality. Clinical presentation suggested hypovitaminosis K potentially caused
by dietary deficiency and dysbiosis. Based on current dietary guidelines, the AAD diet was
deficient in vitamin K. Phylloquinone administered subcutaneously and via a reformulated diet
led to clinical improvement with no subsequent mortalities and increased hepatic vitamin K levels.
We characterized the microbiome and menaquinone profiles of antibiotic-treated and antibiotic-
free mice. Antibiotic treatment decreased the abundance of menaquinone producers within
orders Bacteroidales and Verrucomicrobiales. PICRUSt predicted decreases in canonical menaqui-
none biosynthesis genes, menA and menD. Reduction of menA from Akkermansia muciniphila,
Bacteroides uniformis, and Muribaculum intestinale were confirmed in antibiotic-treated mice. The
fecal menaquinone profile of antibiotic-treated mice had reduced MK5 and MK6 and increased
MK7 and MK11 compared to antibiotic-free mice. Loss of menaquinone-producing microbes due
to antibiotics altered the enteric production of vitamin K. This study highlights the role of diet and
the microbiome in maintaining vitamin K homeostasis.
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Introduction H. pylori resistance to clarithromycin and metroni-
dazole is steadily increasing,”” which decreases the
efficacy of a commonly prescribed regimen, such as
proton pump inhibitor (PPI), clarithromycin, and
amoxicillin or metronidazole. Recurrence and recru-
descence of H. pylori following antibiotic eradication
pose another concern.® Given the increasing antibio-
tic resistance and chance of recurrence, newer thera-
pies focus on modifying lifestyle risks alone, or in
combination with drugs, to decrease the progression
of H. pylori-mediated gastric cancer.” Smoking,
sodium, increased vitamin A intake, and meat con-
sumption are associated with increased risk of sto-
mach cancer, while intake of fruit, vegetables, and

Helicobacter pylori is a gram-negative, microaero-
philic bacterium that infects half of the world’s popu-
lation, and causes a persistent, chronic gastritis,
which can lead to peptic ulcers and gastric
adenocarcinoma.' The prevalence of H. pylori infec-
tion is decreasing in developed countries but
remains static or is increasing in developing
countries.>” Eradication therapy, a combination of
gastric acid suppressive drugs and antimicrobials,
has played an important role in decreasing disease
prevalence, limiting progression of preneoplastic
lesions, and preventing gastric cancer.™ However,
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vitamins C and E may decrease risk.® Due to its role
in the biosynthesis of purine and thymidylate, folate
is crucial for DNA synthesis and repair. As a methyl
donor, folate is fundamental in maintaining DNA
methylation. Folate deficiency induces genomic
instability, chromosomal gaps, DNA breaks and
decreased total DNA methylation, which can be
corrected with folate supplementation.'” As DNA
instability, damage and global hypomethylation are
hallmarks of cancer, the role of folate supplementa-
tion in cancer has been studied, but results have been
inconclusive, as dietary folate both prevents cancer
development and promotes cancer progression in
patients with preneoplastic and existing neoplastic
conditions.""'* Randomized clinical trials have not
been able to conclusively determine the effect of
dietary folate in cancer.'>'*

Hypergastrinemic INS-GAS mice develop gastric
cancer spontaneously by 20 months of age, but cancer
can be observed as early as 24 weeks post-infection
(WPI) when mice, particularly males, are infected
with gastric Helicobacter spp.'>'® We previously
demonstrated that antibiotic therapy eradicated
H. pylori and decreased gastric dysplasia in male INS-
GAS mice, even when treatment was initiated at 22
WPL'" We also reported that male INS-GAS mice
infected with H. felis had decreased gastric dysplasia
and inflammation when an increased supplementa-
tion of folate was provided through a chemically
defined or amino acid defined (AAD) diet commen-
cing as late as 16 WPL'® In our prior studies, the effect
of increased folate supplementation was particularly
pronounced when it was started earlier in life (as early
as weaning). Given that this is not a realistic chemo-
prevention strategy, our current study tests the
hypothesis that a combination of antimicrobial eradi-
cation therapy and increased dietary folate at a late,
post-H. pylori infection timepoint would synergisti-
cally augment the chemopreventive effect in H. pylori-
infected male INS-GAS mice.

During the course of the study evaluating the
effects of increased dietary folate and antibiotics on
gastric disease, unexpected morbidities, and mortal-
ities related to extensive gastric hemorrhage
occurred within days of oral administration of
H. pylori antibiotic eradication therapy. As our pre-
vious studies using the AAD diet or antibiotic ther-
apy alone did not elicit gastric hemorrhage or clinical
signs of blood loss anemia, we investigated the cause
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of the coagulopathy and hypothesized that marginal
vitamin K levels in the AAD diet in conjunction with
antibiotic-induced dysbiosis resulted in morbidity
and mortality. Vitamin K refers to a family of struc-
turally related fat-soluble vitamers involved in blood
coagulation. Phylloquinone (PK or vitamin K1) is
produced by plants, while menaquinones (MKn
where n = numberof sidechain prenyl units collec-
tively called vitamin K2) are predominantly pro-
duced by bacteria and play a role in vitamin
K homeostasis in animals.'”*** Menadione (MD or
vitamin K3) is a synthetic provitamin lacking vita-
min K activity that can be converted to biologically
active MK4 in the liver. Along with variable levels of
PK derived from plant-based components, MD is the
predominant source of vitamin K in conventional
rodent diets. However, in AAD diets, the substitu-
tion of grain-based products for chemically defined
materials makes MD the sole dietary source of vita-
min K. While antibiotics are known to disrupt
microbe-regulated physiologic functions and intest-
inal homeostasis,”»** we report that antibiotic-
mediated dysbiosis can lead to gastric hemorrhage
and blood loss anemia in mice fed defined diets with
suboptimal vitamin K levels. Eradication of mena-
quinone-producing bacteria by antibiotics altered
the enteric vitamin K reservoir leading to clinical
disease, which was reversible with parenteral supple-
mentation with PK.

Results

Antibiotic therapy eradicated H. pylori in
INS-GAS mice independent of dietary folate

To evaluate potential synergistic effects of antibio-
tic therapy and increased dietary folate on
H. pylori-mediated carcinogenesis, we set out to
define whether late interventions using antibiotics
and increased dietary folate altered the develop-
ment of gastric cancer in H. pylori-infected INS-
GAS mice. For this purpose, weaned INS-GAS
mice were maintained on an amino acid defined
(AAD) diet containing recommended levels of
dietary folate (2 mg folate/kg diet). After 2 weeks
on the AAD diet, mice were sham dosed or
infected with H. pylori for 18 weeks to promote
the development of gastric disease. At 18 weeks
post infection (WPI), H. pylori-infected INS-GAS
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mice were given antibiotic eradication therapy
(omeprazole, clarithromycin, and metronidazole),
increased dietary folate (8 mg/kg of AAD diet), or
both (Table 1, Figure 1(a)). All mice were eutha-
nized at 28 WPIL In the gastric tissue, H. pylori
qPCR confirmed that mice receiving eradication
therapy had no detectable H. pylori, while

Table 1. Mice included in the study.

antibiotic-free cohorts were colonized with high
levels of H. pylori (Figure 1(b)). Three antibiotic-
free mice had no detectable H. pylori but exhibited
significant gastric pathology, indicating that the
mice naturally cleared the infection. Increased
dietary folate supplementation had no effect on
H. pylori colonization or eradication.

Hemorrhagic

Total mice deaths per H. pylori Eradication

per group group mg folate per kg of diet infected therapy
2CTL 4 0 2 mg/kg No No
8CTL 4 0 8 mg/kg No No
2HPno 8 0 2 mg/kg Yes No
8HPno 16 2 8 mg/kg Yes No
2HPab 14 6 2 mg/kg Yes Yes
8HPab 16 6 8 mg/kg Yes Yes

2CTL, uninfected mice on 2 mg folate/kg diet with no antibiotics; 8CTL, uninfected mice on 8 mg folate/kg diet with no antibiotics; 2HPno, H. pylori
infected mice on 2 mg folate/kg diet with no antibiotics; 8HPno, H. pylori infected mice on 8 mg folate/kg diet with no antibiotics; 2HPab, H. pylori
infected mice on 2 mg folate/kg diet receiving antibiotics; 8HPab, H. pylori infected mice on 8 mg folate/kg diet receiving antibiotics.
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Figure 1. Antibiotic therapy, but not increased folate, reduces gastric pathology of INS-GAS mice at 18 WPI. (a) Timeline describing
the experimental design and clinical interventions in this study. (b) Complete eradication of H. pylori in cohorts receiving antibiotic
therapy was measured by gPCR. Antibiotic-free mice remained infected with high levels of H. pylori, and bacterial levels were
unaffected by folate. (c) Histopathologic scoring of gastric pathology shows decreased gastric pathology dependent on antibiotic
treatment but not folate supplementation. *P < .05; **P < .01; ***P < .001.



Antibiotic eradication therapy but not increased
folate supplementation significantly decreased
gastritis, premalignant lesions and expression of
pro-inflammatory genes

Having established the successful elimination of
H. pylori, we evaluated the effect of antibiotics and
increased folate supplementation on the progression
of H. pylori-induced pathology. Uninfected control
mice fed AAD diets containing folate at either normal
(2 mg folate/kg diet) (2CTL) or increased (8 mg
folate/kg diet) (8CTL) levels, exhibited baseline
pathology consistent with the INS-GAS mouse strain
including sparse inflammation, moderate oxyntic
atrophy, and hyperplasia, as well as minimal pseudo-
pyloric metaplasia. H. pylori-infected mice not treated
with antibiotics and fed diets containing 2 or 8 mg
folate/kg diet (2HPno and 8HPno, respectively) had
increased gastric pathology with severe gastric corpus
alterations including moderate inflammation, multi-
focal epithelial defects, diffuse loss of oxyntic glands
and foveolar and glandular hyperplasia accompanied
by pseudopyloric metaplasia (Figure. 1(c), S1 and S2).
Additionally, high-grade dysplastic lesions were
observed in 2HPno and 8HPno mice. In contrast,
antibiotic-treated, H. pylori-infected mice fed either
2 or 8 mg folate/kg of diet (2HPab and 8HPab,
respectively) had reduced gastric pathology, attenu-
ated inflammation, moderate oxyntic atrophy and
metaplasia and the presence of low-grade dysplasia
(Figures S1 and S2). Although antibiotic eradication
therapy was protective, the development of low-grade
dysplasia in this model was expected as we previously
observed that H. pylori eradication prevented high-
grade dysplasia, but mice treated at a late time point
still developed low-grade dysplasia.'” In contrast to
our earlier study evaluating increased dietary folate at
early time points,'® increased dietary folate at 18 WPI
had no effect on disease progression alone or in con-
junction with antibiotic therapy. Similarly, gastric
expression of pro-inflammatory cytokines (TNFa,
Ifny, 1I-1B, 1l-17a, 1I-22), as well as iNOS, Foxp3, and
Mip1b, showed significant upregulation caused by
H. pylori infection, which was abrogated by antibiotic
treatment in 2HPab and 8HPab mice (Figure S3).
Mipd and anti-inflammatory II-10 showed increased
levels in H. pylori-infected mice that did not receive
antibiotics compared to uninfected mice, but the anti-
biotic treatment did not reduce the expression of these
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genes. No significant changes in gene expression were
observed between 2 and 8 mg folate/kg diet groups.

Antibiotic therapy and an AAD diet promoted
clinical anemia in H. pylori-infected mice, but
PK supplementation restored normal CBC
values and promoted recovery

During the course of the experiment, 12 of 30
H. pylori-infected mice receiving antibiotic therapy
and maintained on an AAD diet developed unex-
pected morbidity and mortality compared to 2 of 24
H. pylori-infected mice on AAD diet alone (Table 1).
The increased mortality was not observed in our pre-
vious studies using either antibiotics or the AAD diet
alone.”>! Following the last dose of antibiotics, three
2HPab mice died due to unexpected gastrointestinal
(GI) bleeding (Figure 2). Three weeks later, three
additional 2HPab and six 8HPab mice were found
dead or moribund. Necropsies performed on eutha-
nized animals exhibiting clinical signs revealed severe
gastric hemorrhage with stomachs distended with
unclotted blood. The liver, connective tissue, and
other organs were pale and friable consistent with
severe anemia (Figure 2(a—d)). Of the infected mice
that did not receive antibiotics, two 8HPno mice were
found dead with signs of gastric hemorrhage at day 33
post-antibiotic treatment. Due to the high mortality
rate observed, veterinary staff evaluated the remaining
H. pylori-infected cohorts on day 33 post-antibiotic
treatment and found acute pallor and lethargy in the
majority of mice. We performed complete blood
counts (CBC) on six H. pylori-infected, antibiotic-
treated mice that were clinically anemic, and three
clinically healthy, H. pylori-infected, antibiotic-treated
mice to aid in our diagnosis. CBC results revealed
reduced hematocrit (HCT), red blood cell count
(RBC), hemoglobin (Hb) and low white blood cell
(WBC) consistent with acute blood loss in the six
clinically affected mice (Figure 2(f-h)). In contrast,
CBC results of clinically healthy mice from the same
cohorts were within established normal reference
ranges (Figure 2(f-h)). As the platelet count, mean
corpuscular volume (MCV) and mean corpuscular
hemoglobin concentration (MCHC) were within nor-
mal ranges, the anemia was classified as normocytic
and normochromic. Increased reticulocytes suggested
anemias were regenerative (Table 2). Together these
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Figure 2. Antibiotic therapy promotes clinical anemia, but phylloquinone supplementation restores normal CBC values. (a—d)
Necropsy photos from clinically anemic mice. (a, b) Gross pathology of euthanized, moribund mouse. Livers present acute pallor
and gastrointestinal tract is filled with hemorrhagic contents. (c) Significantly distended stomach filled with hemorrhagic contents. d)
Incised stomachs exposing unclotted, digested blood content. (e) Kaplan-Meier plot showing mortality following the last antibiotic
treatment (day 0). Following PK supplementation (dotted line), no further mortality was observed. (f-h) CBC results of six clinically ill
and three healthy mice prior to vitamin K treatment. Each column represents an individual mouse. Mice showing clinical signs of
lethargy, pallor, and dullness had hematocrit (HCT), red blood cell (RBC) and hemoglobin (Hb) values consistently lower than
established reference ranges in mice. Clinically healthy mice had CBC values within normal reference ranges.

Table 2. Complete Blood Count results prior to PK supplementation.

Animal ID Group HCT (%) MCV (fL) MCHC (g/dL) Anemia type Reticuloctye (%) Regenerative
B1-4 2HPab 21.1 53.5 26.1 Normocytic, normochromic 4.6 Y
B1-3 2HPab 1.7 55 26.5 Normocytic, normochromic 6.7 Y
D2-1 8HPab 12.7 60.3 27.6 Normocytic, normochromic 1.7 Y
D2-2 8HPab 7.7 60.9 27.3 Normocytic, normochromic 11.3 Y
D4-2 8HPab 8.3 54.2 30.1 Normocytic, normochromic ND ND
D4-3 8HPab 184 51 26.6 Normocytic, normochromic ND ND

HCT, hematocrit; MCV, mean corpuscular volume; MCHC, mean corpuscular hemoglobin concentration; ND, no data.

findings suggested a coagulopathy leading to
a presumptive diagnosis of vitamin K deficiency.
Based on the observed gastric hemorrhaging
following treatment with antibiotics, suspected
hypovitaminosis K and clinical signs of anemia,
PK (Vitamin K1) treatment was initiated 5 weeks
after the last antibiotic dose (Figure 2(e)). All mice
remaining on the study received 100 ug of PK,
subcutaneously daily for 3 d, followed by an injec-
tion every 3 d for 2 weeks. Within 24-48 h of the
first dose, PK-treated mice improved clinically,
exhibiting increased activity and regaining nor-
mal-appearing mucus membranes and skin color.
Rapid recovery upon PK treatment supported the
diagnosis of hypovitaminosis K, as reported in
other animal species in veterinary settings.>>>°
Current recommendations suggest using PK over

menadione (MD) as a source of vitamin K in
defined rodent diets, and recommend providing
1 mg vitamin K/kg diet.”” As such, both AAD
diets containing 0.5 mg MD/kg diet were reformu-
lated with 1.2 mg PK/kg diet to prevent a potential
relapse. Dietary folate levels in the reformulated
AAD diets were maintained according to the ori-
ginal specifications. Mice were switched to the
reformulated AAD diets at 26.5 WPI. Following
PK treatment and the switch to the reformulated
diet, no additional clinically apparent anemias,
morbidities or mortalities were observed for the
remainder of the study (Figure 2(e)).

As PK treatment promoted clinical recovery, we
compared CBC values from clinically anemic mice
prior to PK supplementation (PRE-PK) and following
PK treatment (POST-PK) at the end of the study



(Figure 3). No statistical differences were observed
between mice receiving normal folate containing
diet of 2 mg/kg of diet or increased dietary folate
supplementation of 8 mg/kg of diet; therefore, cohorts
2HPab and 8HPab were combined for PRE- and
POST-PK treatment comparison. Prior to PK treat-
ment, the complete blood cell count blood analysis of
antibiotic-treated mice exhibiting clinical signs of ane-
mia (n = 6) was below the established normal refer-
ence ranges for HCT, RBC and Hb, which is
consistent with the diagnosis. Following PK treat-
ment, HCT, Hb, and RBC counts for antibiotic-
treated mice (n = 10) returned to normal limits for
the majority of mice (Figure 3). While three POST-PK
mice had slightly depressed RBC and HB counts, the
values were closer to clinically normal ranges than
those observed PRE-PK (Figure 3). While platelets
remained within normal ranges throughout the
study, PK supplementation was associated with robust
increases in platelet counts (data not shown).

Insufficient vitamin K in the diet and antibiotics
significantly decreased hepatic PK and MK4
levels, as well as fecal MK5 and MK6 levels

As the clinical recovery in response to PK treatment
was consistent with the diagnosis of vitamin
K hypovitaminosis, we measured the levels of meta-
bolically functional vitamin K (PK and MK4) in the
liver and determined menaquinone (MK5-MK13)
levels in feces from both PRE- and POST-PK mice.
Hepatic levels of PK and MK4 were measured in all
POST-PK animals at the end of the study, as well as
in necropsied, antibiotic-treated PRE-PK mice with
anemia. Low levels of PK were measured in anemic
PRE-PK animals (8.0 £ 2.4 pmol/g), but a 100-fold

a. b. 1.

Normal:
6.7-12.5

RBC (M/uL)
3

(2]
r1

GUT MICROBES (&) 825

increase was detected POST-PK treatment (2HPab &
8HPab, 715 + 220 pmol/g). This robust increase is
likely due to dietary PK supplementation and con-
firmed the efficacy of the intervention (Figure 4(b)).
MK4 was also significantly higher in POST-PK ani-
mals (13.0 £ 4.8 pmol/g) compared to antibiotic-
treated PRE-PK mice (5.5 + 2.2 pmol/g, P < .0001,
Figure 4(a)).

As menaquinones (MKn) produced by bacteria
are another source of vitamin K, we measured
fecal MKn levels to determine the effect of anti-
biotics on bacterial MKn. Fecal pellets were col-
lected both PRE-PK and POST-PK and levels of
MKG5-13 were determined (Tables S1 and S2). The
relative contribution of each MKn to the total
vitamin K pool of each mouse was calculated and
summarized in Figure 4 for each treatment group.
The total fecal vitamin K pool is the sum of MK5-
13 levels, and surprisingly was not significantly
reduced by antibiotic treatment, diet or PK sup-
plementation (Table 3).

As the clinical disease was only observed PRE-PK,
we focused on comparing the fecal MKn profiles prior
to PK supplementation. To evaluate the effect of the
AAD diet on MKn, we obtained fecal pellets from age-
and sex-matched, uninfected INS-GAS mice that were
maintained on a conventional rodent diet from
a separate study. To minimize other variables that
might influence the microbiome, these mice were
selected from the same cubicle in the vivarium. PRE-
PK MKn levels were measured in the following treat-
ment groups: a) uninfected mice on AAD diet (2CTL
& 8CTL) (Figure 4(e)); b) antibiotic-free, H. pylori-
infected mice on AAD diet 2HPno & 8HPno) (Figure
4(c); c) antibiotic-treated, H. pylori-infected mice on
AAD diet (2HPab & 8HPab) (Figure 4(d)); and d)
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Figure 3. Phylloquinone supplementation restores normal CBC values. (a-c) Hematocrit (HCT), red blood cell (RBC) and hemoglobin
(Hb) values of clinically anemic mice PRE-PK (n = 5) vs. mice POST-PK (n = 10). PK supplementation increased HCT, RBC and Hb

values. ****P < 001.
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Figure 4. Effects of antibiotic treatment in vitamin K levels in the liver and feces. (a) Liver MK4 and (b) liver PK levels were measured
PRE-PK and POST-PK supplementation. For PRE-PK mice, 2/8HPab (n = 10) and 8HPno (n = 2). For POST-PK mice, 2/8CTL (n = 8), 2/
8HPab (n = 17) and 2/8Hpno (n = 21). *P < .05, **P < .01, ***P < .001, ****P < .0001. (c-f) The relative abundance of fecal MKn prior
to PK supplementation in (c) antibiotic-free, H. pylori-infected (2/8HPno), (d) antibiotic-treated, H. pylori-infected (2/8HPab), (e)
uninfected mice on the AAD diet (2/8CTL), and (f) uninfected mice on standard rodent chow (Chow).

Table 3. Total vitamin K (sum of MK5-MK13) in feces by treat-

ment group.

PRE-PK supplementation

POST-PK supplementation

2CTL
8CTL
2HPno
8HPno
2HPab
8HPab
Chow

6089.2 + 5376.3
59399 + 7654

6444.8 + 2365.5
6510.1 + 2870.1
9357.5 + 5002

5864.4 + 2739.1
42274 + 25793

3130.7 £ 770.1
58114 £ 7724
6153.8 + 2160.2
6759.4 + 2256
8190.2 + 3473.6
4391.+-1546.6

uninfected mice on regular rodent diet (Chow)
(Figure 4(f)). In all groups, MK10 and MK11 were
the most abundant MKn forms in feces (Figure 4(c-f),
Table S1). Uninfected (2/8CTL) and antibiotic-free,
H. pylori-infected mice (2/8HPno) had similar fecal
MKn profiles and lacked significant changes in com-
position. In contrast, antibiotic treatment significantly
decreased fecal MKS5 (p < .01) and MK6 (p < .0001)
levels compared to uninfected and antibiotic-free, HP-



infected mice (Figure 4(c-e)). MK7 and MK11 were
elevated in antibiotic-treated animals compared to
antibiotic-free animals (MK7, p <.05; MK11, p < .01).

As AAD diets have a reduced fiber content,
and low-fiber diets have been implicated in
vitamin K deficiency in rats,”® we compared
feces from uninfected mice on the low-fiber
AAD diet (2/8CTL) with feces from uninfected,
age- and sex-matched INS-GAS mice on stan-
dard rodent diet (Chow) (Figure 4(e-f)). 2/
8CTL mice had increased relative abundance
of MK7, MK8, MK9, and MK10 but decreased
abundance of MKI11, MK12 and MKI13 com-
pared to Chow mice (P< .05). Interestingly,
both Chow and antibiotic-treated mice experi-
enced a large increase in the relative abundance
of MK11 compared to uninfected and antibio-
tic-free, H. pylori-infected mice on the AAD
diet. However, as Chow mice did not develop
severe gastric hemorrhage, we concluded MK11
increases in antibiotic-treated mice were not
responsible for the phenotype observed.
Furthermore, as the blood in the GI of anemic
mice was unclotted, we speculated that antibio-
tic-treated mice experienced a loss of clotting
function due to the loss of MKn, specifically
MK5 and MK6, which were in lower abun-
dance  following  antibiotic = treatment.
Differences in MKn abundances caused by
antibiotics were largely lost in POST-PK mice
(Figure S4). Interestingly, differences in multi-
ple menaquinones were observed in mice fed
diets with either 2 or 8 mg folate/kg of diet but

Pre-PK, No antibiotics
I Post-PK, No antibiotics
B Pre-PK, Antibiotic treated
W Post-PK, Antibiotic treated

o_Clostridiales
f_Lachnospiraceae
f_Alcali

2 CTL
8 CTL
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did not lead to anemia or gastric hemorrhage
(Figure S4).

Antibiotic therapy affected gut microbial
community composition in PRE-PK mice but
increased dietary folate influenced POST-PK
microbiome

To measure the differences between microbial com-
munities in mice with or without antibiotics, 16S
rRNA profiling was performed on feces collected
from PRE-PK (n = 55), POST-PK (n = 45), and
Chow (n = 9) mice. Antibiotic treatment in 2HPab
and 8HPab mice mediated the loss of families $24-7,
Rikenellaceae, Lactobacillaceae, and Bacteroidaceae,
while increases were observed in families
Lachnospiraceae, Alcaligenaceae and an unknown
family in order Clostridiales (Figure 5(a) and Table
S3). This translated to a severe decrease in phylum
Bacteroidetes and increases in Firmicutes and
Proteobacteria in PRE-PK mice (Figure 5(b)). The
decreases in Bacteroidaceae are of note, as members
of the genus Bacteroides have been associated with
specific MKn profiles in humans.*® We also noticed
cage effects associated with antibiotic treatment, nota-
bly in the family Verrucomicrobiaceae (Figure S5). In
our study, this family is entirely represented by
Akkermansia muciniphila, a commensal bacterium
of the gastrointestinal tract whose genome possesses
canonical menaquinone  synthesizing  genes.*
Following antibiotic-treatment, a bimodal distribu-
tion of Verrucomicrobiaceae was observed as 15 of
25 2HPab/8HPab mice had abundances <0.01%,

I Actinobacteria

[ Bacteroidetes

B Cyanobacteria

B Deferribacteres
Firmicutes
Proteobacteria
Tenericutes

B Verrucomicrobia

8HPab
2CTL

8 CTL

2HPno
8HPno
2HPab
8HPab

Figure 5. Antibiotic effects on microbiota. (a) Heatmap of microbial taxa that were differentially expressed due to antibiotic
treatment in mice before (Pre-PK) and after (Post-PK) Vitamin K supplementation. Selected taxa displayed relative abundances
>1%, a Linear Discriminant Analysis (LDA) log-score >2.0, and p <.05 by the Kruskal-Wallis test. The complete list is provided in
Table S3. Color intensity indicates increasing relative abundances. (b—c) Bar plots showing relative abundances of bacteria at the
phylum level b) prior to PK supplementation and (c) at the end of the study following PK supplementation.



828 (&) L.QUINN ET AL.

while the average relative abundance of 49.8% in the
remaining 10 mice was higher than that observed in
antibiotic-free mice (13%) (Figure S5). Other bacterial
families =~ with  potential cage effects are
Lactobacillaceae and Bacteroidaceae (Figure S5). We
believe these cage effects could potentially exacerbate
vitamin K deficiency, which may account for
increased mortality in specific 2HPab and 8HPab
cages. Interestingly, POST-PK microbiome profiles
of antibiotic-treated mice resembled antibiotic-free,
H. pylori-infected mice with similar folate supplemen-
tation, and only two families with greater than 1%
relative abundance showed significant changes
(Table S4).

We next elucidated the effect of folate between
2CTL and 8CTL mice. Significant differences were
observed in seven bacterial families with greater
than 1% abundance in the microbiome (Tables S3
and S4). Of interest, increased dietary folate in the
8CTL group decreased the abundance of families
§24-7, Bacteroidaceae, and Verrucomicrobiaceae,
which were identified as menaquinone producers
and were sensitive to antibiotic treatment (Figure
S7, Tables S3 and S4). Two other potential con-
founders, H. pylori infection and PK supplementa-
tion, were also evaluated. H. pylori effects were
evaluated in uninfected (2CTL/8CTL) and antibio-
tic-free H. pylori-infected (2HPno/8HPno) mice,
and the major finding was a significant increase
in Lactobacillaceae (Tables S3 and S4). The effect
of PK supplementation was assessed in PRE-PK
and POST-PK uninfected mice (2CTL/8CTL), but
no differences were detected by LEfSe in families
with greater than 1% abundance (Table S3 and
§4). We concluded that PK supplementation had
little effect on the fecal microbiome of antibiotic-
free, uninfected mice.

Antibiotic therapy altered alpha and beta
diversity PRE-PK, while folate influenced
POST-PK diversity

As antibiotics and folate affected the bacterial compo-
sition, we next determined the effects on alpha diver-
sity or species diversity. In PRE-PK samples, the
chaol index was highest in antibiotic-free mice and
was dependent on dietary folate (2CTL: 1,118 + 12;
2HPno: 1,126 + 56; 8CTL: 421 + 27 and 8HPno: 638
+ 80, [mean+SEM]). The lowest chaol values were

observed in antibiotic-treated mice (2HPab: 244 + 16
and 8HPab: 197 + 14) and mice fed standard chow
(Chow: 249 + 22) (Figure 6(a)). In POST-PK samples,
low dietary folate increased alpha diversity (2CTL:
1029 + 44; 2HPno: 1071 + 28 and 2HPab: 1140 + 28),
while high dietary folate decreased alpha diversity
(8CTL: 420.9 +16; 8HPno: 639.8+66 and 8HPab:
466.6 = 32) (Figure 6(b)). However, prior antibiotic
treatment did not modulate species diversity.
Significant differences in chaol and observed species
are summarized in Table S5.

To measure the similarity between microbial com-
munities in mice with or without antibiotic treatment,
principal coordinate analysis (PCoA) was performed
using unweighted UniFrac on both PRE-PK and
POST-PK samples. PCoA showed that samples clearly
segregated into three clusters based on 1) low dietary
folate, 2) recent antibiotic treatment, and 3) high diet-
ary folate (Figure 6(c-d)). Cluster 1 includes PRE-PK
and POST-PK 2HPno mice, as well as POST-PK
2HPab mice, which confirms that antibiotic effects
were transient. Cluster 2 was mainly composed of
PRE-PK antibiotic-treated mice, but also included
a subset of Chow diet mice. Cluster 3 includes the
mice receiving increased folate (8mg/kg of diet), with
the exception of PRE-PK mice receiving antibiotics
and a single cage of 8HPno that grouped with cluster
1. Weighted UniFrac analysis segregated the data into
PRE-PK mice receiving antibiotics vs. the rest of the
treatment groups (Figure S6). Beta diversity statistics
are compiled in Table S6. In summary, antibiotics
affect the composition, alpha diversity and beta diver-
sity at PRE-PK, but the effects are reduced 9 weeks
after the final antibiotic administration when POST-
PK samples were collected. While antibiotic treatment
masked folate effects in PRE-PK mice, dietary folate
levels affect both alpha and beta diversity POST-PK,
but these differences were not associated with clinical
anemia.

Antibiotics decreased copies of menaquinone
biosynthesis genes

To gain a functional understanding of the antibio-
tic- and folate-mediated effects, we used PICRUSt
to predict functional profiles of the fecal metagen-
ome. Of 6,909 genes analyzed, we focused on 14
menaquinone metabolism and 16 folate biosynth-
esis genes listed in Table S7. We analyzed the
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Figure 6. Antibiotics and folate affect alpha and beta diversity in the fecal microbiome. (a-b) Alpha diversity plots. (a) In PRE-PK
mice, decreased alpha diversity is associated with both 8 mg folate/kg diets, conventional chow and antibiotic treatment. (b) In
POST-PK mice, the effect of antibiotics is lost, but increased dietary folate reduces alpha diversity. P-values computed using
a Kruskal-Wallis test followed by a Dunn’s multiple comparison test. *p < .05, **p <.01, and ***p < .001. (c—d) Principal coordinates
analysis. (c) Unweighted UniFrac ordination and d) box plot of PC1 by treatment group highlight differences in fecal microbial
communities due to antibiotics and dietary folate. Fecal microbiomes clearly clustered by either antibiotic treatment or dietary folate

suggesting effects of both treatments on the microbiome.

functional profiles of antibiotic-treated (2HPab/
8HPab) and antibiotic-free mice (2CTL/8CTL/
2HPno/8HPno) prior to PK supplementation,
and we observed an antibiotic-mediated reduction
in menA and menD, two genes necessary for
menaquinone synthesis (Figure 7(a)). A smaller,
but significant, antibiotic-mediated increase was
also predicted in menaquinone genes, menH and
wrbA. The decrease in menA and menD calculated
by PICRUSt were associated with the reduced
abundance of bacteria within orders Bacteroidales
and Verrucomicrobiales in antibiotic-treated mice
(Figure 7(a)).

Due to its importance in menaquinone biosynth-
esis, we hypothesized that the predicted loss of
menA in antibiotic-treated mice could account for
shifts in the MKn profiles observed in fecal samples.

To confirm the PICRUSt results, we identified
Akkermansia muciniphila, Muribaculum intestinale,
and  Bacteroides  uniformis  within  orders
Verrucomicrobiales and Bacteroidales as the major
menA (K02548) contributors in the analysis. Using
published menA sequences for each species, we
designed three primer pairs to quantify copies of
menA DNA. Significant reductions in menA copies
were measured in antibiotic-treated mice for the
three menaquinone-producing bacteria surveyed
(Figure 7(b)).

Folate biosynthesis genes were modulated by
both antibiotics and dietary folate

Examining the effect of antibiotics on folate bio-
synthesis before PK treatment, antibiotics increased



830 (&) L QUINN ET AL.
a. PRE-PK menA (K02548) PRE-PK menD (K02551) PRE-PK menH (K08680) PRE-PK wrbA (K03809)
80000 . .
No antibiotics |  Antibiotics o No antibiotics | ~ Antibiotics - No antibiotics | ~ Antibiotics T No antibiotics|  Antibiotics
60000, 30000
3 1000 20000
8
2 40000 20000
@
o [ | 500+ 10000
— I wotlotland | I I I
NUARARNNN. B § AR A ‘ i ils ||||
oy o 1 B - I———— | | | i
N TR S T m S 0 o R e e °F.~._.!N_Nm_s.m-ms,m.~
2B o'dleleo'dlelala'eldlelalel el R RONOODOGHDOHPON RO IO N ONONBOOOGHOROHON
QR EEEEESTITTTITTTIET Pl A A R P GG EEacaaccasssEtsss bl A P L F P
NNDTOOONNNNDOOOD®OD N8 ITIIIIIITIIIIIIIIL NN ITIIIIIIIIIITIIIIT NN ITIIIIIITIIIITIIIIL
5EF5F555A55555555 FEF5F5A5ETI 05555 R R L R
Groups by cage Groups by cage Groups by cage Groups by cage
o__Bacteroidales o__Clostridiales o__Enterobacteriales W o__Lactobacillales ®8 o__Verrucomicrobiales
b.
* ek
o
*xx r |
i e T , ok :
wx
5 102 —_— 102 d sk 1 102 T Y xxE !
« o -
2 101 . M . . ., 101 f P o L 1 «, 10 ry o ==
° ) —s— o %e
Fuojer T @i o T o E T F L T e TN
g 101 10-1 ¢ 10-1 P g Paady
= S Wt
S 10- 10 O +3ye 102 ° &
° .
2 102 10-2 9, . 10°¢
a 00 0
8 10-4 o Ar g %0 "ot 404
<. .1 Akkermansia muciniphila ¥ Bacteroides uniformis 1 Muribaculum intestinale
5 10 T T T T T T 10 T T T T T 10 T T T T T T
E \Z \% o ° g g \g NG o O ° ° &R < o g g
qu\ ‘b(‘} ng ng §° ng ‘1«6\ q’(} ng ng ng» ng K9 & ng ng ng ng
Vv L) Vv D) Vv ® YV ® Vv ) Vv £

Figure 7. Menaquinone biosynthesis is reduced by antibiotics. (a) Significant differences in gene copy number due to antibiotic
treatment were predicted in menaquinone metabolism genes (menA, menD, menH, and wrbA) in PRE-PK samples. (b) Copy numbers
of menA gene from Akkermansia muciniphila, Bacteroides uniformis, and Muribaculum intestinale were determined by qPCR and show
decreased gene copies in antibiotic-treated mice. P-values computed using a Kruskal-Wallis test followed by a Dunn’s multiple

comparison test. *p <.05, **p <.01, and ***p <.001.

counts of two folate genes and decreased the copies
of seven genes (Figure S8 and Table S8). The changes
in predicted copies of these genes were associated
with shifts in abundance observed in Clostridiales,
Bacteroidales, and Verrucomicrobiales. However, all
predicted antibiotic-mediated functional changes
were lost in POST-PK samples.

As noted in the microbiome results, antibiotic
treatment strongly masked the effect of folate in
PRE-PK samples. However, in POST-PK samples,
five folate and one menaquinone genes were differ-
entially expressed between the low and high folate
groups due to Bacteroidales and Clostridiales shifts
(Figure S8 and Table S8).

Reduced MK5-6 levels associated with antibiotic
treatment by PCA and PLSDA models

To study the relationship between treatment, MKn
profile, and microbiome composition, we next
generated a Principal Component Analysis (PCA)
plot including MKn data and a partial least squares
discriminant analysis (PLSDA) model combining

microbiome data and MK6 data. In the PCA plot
of MKn data from PRE-PK and POST-PK mice,
three principal components (PC) accounted for
84.2% of the variability in MKn data. The first
PC was determined by MK7 and MK10-13, while
MKS5-6 associated with the second PC, and MK8-9
contributed to the third PC (Figure 8(a-b)).
Plotting PC1 and PC2 coordinates by treatment
group (Figure 8(c-d)), we observed that PRE-PK
mice receiving antibiotics (2HPab & 8HPab) had
significantly lower PC2 coordinates compared to
mice without antibiotics or POST-PK samples
(Figure 8(d)). Negative PC2 coordinates imply
a negative correlation between the MKn profiles
of PRE-PK antibiotic-treated mice with MK5 and
MK6. As MK6 was associated with antibiotic-
treated mice that developed anemia, we created
a PLSDA model to identify bacterial families asso-
ciated with changes in MK6. Bacteroidaceae was
the single most informative family in predicting
MKG6 levels in the model (Figure S9), which con-
curred with the microbiome analysis and PICRUSt
results.
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Figure 8. Principal component analysis of fecal menaquinones associates MK5-6 with antibiotic treatment. (a) PCA of MKn data. (b)
Contribution of each MKn to principal components (PC) shows PC2 is associated with MK5-6. (c) Boxplots of PC1 coordinates by
treatment group. d) Boxplots of PC2 coordinate by treatment group. Negative PC2 values for PRE-PK antibiotic-treated mice
(2HPab_PRE and 8HPab_PRE) indicate an inverse correlation with MK5-6 values. *p < .05, **p < .01, and ***p <.001.

Discussion

In this study, we hypothesized that H. pylori anti-
biotic eradication therapy and increased dietary
folate supplementation at a late time point would
synergistically prevent gastric cancer in H. pylori-
infected INS-GAS mice. We had previously demon-
strated that antibiotic therapy in H. pylori-infected
INS-GAS mice significantly decreased gastric
pathology,'” and increased dietary folate starting at
0 and 8 WPI prevented global DNA methylation and
reduced gastric dysplasia.'® However, at 16 WPI

increasing dietary folate only reduced the degree of
gastric dysplasia, but did not reduce methylation
levels.'"® In the current study, antibiotic therapy
reduced gastric pathology and expression of pro-
inflammatory cytokines, while increased dietary
folate had no effect when implemented at 18 WPL
The lack of effect might be due to the complex role of
folate in carcinogenesis, which is highlighted by the
lack of consensus on the role of folate in colorectal
cancer (CRC). Studies have associated folate intake
at the recommended levels with reduced risk of
CRC,’"** while others show CRC prevention with
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reduced folate intake.'>*” Still, others have shown no
association between CRC and folate or increased
CRC rates with folic acid fortification.’® Similarly,
randomized clinical trials have shown both increased
rates of cancer, lesions, and colorectal adenomas,"
but others have found protective effects.'**> Our
current data suggest that the therapeutic window of
increased dietary folate in INS-GAS mice is earlier
than 16 WPI. Furthermore, increased dietary folate
intake combined with antibiotics provided no syner-
gistic protection in H. pylori-infected INS-GAS mice
at 18 WPL

However, the combination of antibiotics with an
AAD diet resulted in unanticipated morbidity and
mortality, which presented as severe gastric hemor-
rhage, markedly pale tissues and acute anemia
defined by low HCT, RBC, and Hb values.
Unfortunately, diagnostic coagulation profiles (pro-
thrombin time (PT) or partial thromboplastin time
(PTT)) were not performed prior to PK treatment
due to the acute and unexpected onset of mortality.
Nevertheless, based on the clinical presentation and
CBC results, we suspected vitamin K deficiency, pos-
sibly caused by the combination of AAD diet and
antibiotic therapy. We hypothesized that in antibio-
tic-treated mice fed AAD diets with marginal
amounts of vitamin K, both dietary and bacterial
reservoirs of vitamin K were destabilized, which led
to reduced clotting ability,>® gastric hemorrhage, and
clinical anemia. Additional risk factors included the
sex of the mice and the duration of the experiment,
as aged male mice have increased dietary vitamin
K requirements.27

Our previous study demonstrates that markedly
reducing enteric bacteria alone is not sufficient to
cause anemia in INS-GAS when provided sufficient
dietary vitamin K in a standard rodent diet (1.9 mg
MD/kg of diet)."” Upon evaluating current nutri-
tional guidelines for mice, we determined the AAD
diet containing menadione (MD) at 0.5 mg/kg diet
provided suboptimal levels of vitamin K.’
However, diet alone does not explain the hemor-
rhage observed as no clinically apparent anemias
were observed prior to antibiotic treatment, and
our previous study using INS-GAS mice on the
AAD diets with 0.5 mg MD/kg of diet did not result
in anemia.'® Interestingly, in the current study, two
H.pylori infected mice fed increased folate (8 mg/kg
diet) with no antibiotic treatment developed fatal

gastric hemorrhages. While both studies used INS-
GAS mice fed identical AAD diets, the studies dif-
fered in the species of gastric Helicobacter used and
the location of the vivarium. The INS-GAS model
has been successfully reproduced in multiple
research institutions using both Helicobacter felis
and H. pylori, but the severity of the disease can
vary between organisms and institutions.'®**"*
Increased ulceration could exacerbate pathologies
related to hypovitaminosis K and anemia. Another
important variable is that the Gonda study was per-
formed at Columbia Medical Center, while our cur-
rent study was performed at MIT. Location can
strongly influence the microbiome of mice, and we
have previously demonstrated that alterations in the
microbiota at different institutions or from different
vendors can affect the pathogenesis of Helicobacter-
mediated models.*"*> We have also determined that
the gastric microbiome of INS-GAS mice from dif-
ferent institutions can change significantly and have
an effect on the severity of H. pylori-induced disease
(Sheh et al., unpublished data). In addition to alter-
ing Helicobacter-mediated inflammation, the
changes in bacterial communities may directly alter
the MKn levels in the mice in both vivariums.
Further research is necessary to determine the role
of different gastric Helicobacter species and the
underlying microbiome in the coagulopathy
described in the current study.

The contribution of gut-produced MKn to vita-
min K nutriture in humans is not fully understood.*
However, broad-spectrum antibiotics reduce total
hepatic MKn levels in patients, implying
a connection between the microbiome and bioavail-
able vitamin K in the liver.** Additionally, cephalos-
porins can induce hypoprothrombinemia either
through the elimination of MKn producers or inhi-
bition of vitamin K-epoxide reductase and vitamin
K-dependent carboxylase.*>*° In laboratory animals,
the importance of gut-produced vitamins acquired
via coprophagy is well documented.”"** The lower
gut serves as a reservoir of bacterially produced
MKn. MKn from the gut has been detected in the
liver, implying intestinal absorption or coprophagy
as mechanisms of MKn uptake.*” Rats fed vitamin
K-free diets and prevented from practicing copro-
phagy uniformly develop vitamin K deficiency man-
ifested as an increased prothrombin time.*'
Hypovitaminosis K in germ-free rats fed vitamin



K-deficient diets were rescued by mono-association
with Escherichia coli.*® In our current study, two
broad-spectrum antibiotics (clarithromycin and
metronidazole) eliminated well-known MKn produ-
cers within the phylum Bacteroidetes. The family
Bacteroidaceae produces MK9-11 and is associated
with MK9-MK10 menaquinotype in humans.”*>*’
§24-7 (currently Muribaculaceae), a putative MK11
and MK12 producer, was the single most abundant
family in antibiotic-free mice but was found at 0.1%
following antibiotic treatment. Following antibiotic
treatment, there was a transient replacement with
non-MKn producing bacteria such as members of
the order Clostridiales. Based on PICRUSt predic-
tions, we focused on the menA gene, also known as
1,4-dihydroxy-2-naphthoate octaprenyltransferase.
MenA catalyzes the addition of an isoprenyl dipho-
sphate to 1,4-dihydroxy-2-naphthoate to form
demethylmenaquinone in the canonical menaqui-
none biosynthesis pathway, and loss of the menA
gene abrogates synthesis of MKn in E. coli.” Using
qPCR, we measured a significant reduction in the
menA genes of A. muciniphila, B. uniformis,
and M. intestinale caused by antibiotics (Figure 7).
As decreases in the copy number of menA gene were
observed, we expected reductions in fecal total vita-
min K levels; however, total vitamin K levels were
not significantly different across treatment groups
(Table 3). We did observe a reduction in the levels
of biologically active MK4, albeit in a small sample
size, in the livers of antibiotic-treated mice (Figure 4
(a)), which implied that antibiotics reduced the levels
of specific MKn required for MK4 synthesis. As
bacteria synthesize different MKn based on length
of the isoprenyl sidechain attached by MenA,> we
hypothesized that loss of specific bacteria in antibio-
tic-treated mice reduced levels of specific MKn that
play an important role in blood clotting as evidenced
by decreased hepatic MK4, anemia, and gastric
hemorrhage.

MKn composition was markedly different in anti-
biotic-treated groups where there was a 13.8%
decrease in MK6 abundance and a 12.1% increase
in MK11 abundance (Figure 4(c-f)). As an increase
of similar magnitude in MK11 was observed in
healthy mice on chow diet (Figure 4(f)), we focused
on the large decrease in MK6 in antibiotic-treated
mice on AAD diets. While bacterially derived MKn
alone may not be sufficient to improve all blood
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coagulation metrics,”’ Akiyama et al. were able to
show differences in liver absorption and coagulation
activity based on the number of prenyl units of MKn
in a rat model of hypoprothrombinemia.*’ In this
model, hypoprothrombinemia was induced via
a vitamin K-deficient diet and warfarin, leading to
undetectable MKn levels in both plasma and liver.
MKI1-14, as well as MD, was administered orally or
intravenously to hypoprothrombinemic rats. MK4,
MKS5, and MK6 increased hepatic MKn levels and
markedly improved hypoprothrombinemia. MK?7
and MKS8 slightly improved coagulation activity,
but the remaining MKn, including MK11, provided
no improvement in coagulation activity.*’

In our study, significant reductions in fecal MK5-
6 were observed in antibiotic-treated groups, which
experienced a 40% mortality rate due to gastric
hemorrhage (Table 1, Figures 4(c) and 8(d)). As
MKS5-6 improves blood coagulation in hypopro-
thrombinemic rats,”” we hypothesize that gastric
erosions induced by H. pylori infection led to uncon-
trolled bleeding due to reduced coagulation activity
in antibiotic-treated mice consuming the AAD diet.
Compensation with other MKn, notably MK11, had
negligible effects on coagulation activity.*” Due to
the magnitude of MK6 loss in our model, we exam-
ined changes in abundance of known MK6 produ-
cers, such as Helicobacter spp., E. coli and Eggerthella
lenta (previously Eubacterium lentum).”>> H. pylori
infection of the stomach did not alter fecal MK6
levels as uninfected controls and antibiotic-free,
H. pylori-infected mice had similar MK6 levels
(Figure 4(c,e)). As mice were housed in specific
pathogen-free conditions, enteric Helicobacter spp.
or Escherichia spp. were not detected in the fecal
microbiome. Eggerthella, a known MK6 producer,
was enriched in antibiotic-free mice compared to
antibiotic-treated mice but was present in low abun-
dance (<0.1%) (Tables S3 (Family Coriobacteriaceae)
and S12). Further studies will be required to identify
bacterial species contributing to MK6 production
and its role in coagulopathy.

In summary, our study demonstrated that at 18
WPI antibiotic eradication of H. pylori in INS-GAS
mice decreased gastric neoplasia, but late supple-
mentation with high levels of dietary folate had no
significant benefit. In addition, our data indicate that
the combination of an AAD diet with suboptimal
levels of vitamin K and antibiotic eradication of
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MKn producers induced vitamin K deficiency, clin-
ical anemia, and severe gastric hemorrhage, which
led to unexpected morbidity and mortality in aged,
male INS-GAS mice infected with H. pylori. This
study highlights the importance of meeting nutri-
tional requirements when utilizing synthetic or cus-
tom-made diets and when manipulating the
microbiome, as nutrient metabolism or absorption
may be altered. Additionally, our results highlight
the potential risk of hypovitaminosis K in humans
with dietary deficiencies or malabsorption that limit
vitamin K intake, who require concurrent antibiotic
treatments.

Methods
Diets

Amino acid defined (AAD) diets containing folic
acid at 2 (A08112102, Research Diets, Inc, Newark,
NJ) or 8 mg/kg diet (A08112103) were formulated
for this study to regulate dietary folate intake. Rodent
vitamin mix V14901 was added as a vitamin source
to both AAD diets, which contains menadione
sodium bisulfite at 0.5 mg/kg diet as the vitamin
K source. While the vitamin K requirements of the
AAD diets were reflective of the AIN76A rodent diet,
which provides 0.5 mg MD/kg diet, AAD diets
lacked casein, which provides an additional 17-25%
increase in PK (vitamin K1).* As vitamin
K deficiency was suspected, the original AAD diets
were reformulated to increase vitamin K by using
1.2 mg PK/kg diet. The change from MD to PK
reflects newer recommendations suggesting PK as
the vitamin K source in the rodent diets such as
AIN93G and AIN93M.”” Additionally, the conven-
tional, grain-based, closed-formula diet (RMH3000,
Purina Mills, St. Louis, MO) was used for compara-
tive vitamin K and microbiome analysis. RMH3000
is a standard rodent chow formulated with 1.9 mg/kg
diet of menadione dimethylpyrimidone bisulfite as
a vitamin K source.

Mice and infection studies

All studies were approved by the Massachusetts
Institute of Technology (MIT) Committee on
Animal Care. Specific pathogen-free, male INS-GAS
mice on an FVB/N background (Tg (Ins1-GAS) 1Sbr)

were bred and maintained within an AAALAC
International accredited facility at MIT. Mice were
housed on hardwood chip bedding (SaniChip, PJ
Murphy, Methuen, MA) in microisolator, solid-
bottomed polycarbonate cages. Room temperatures
were set at 20 + 1°C and relative humidity at 30-
70%. Four-week-old male INS-GAS mice were fed
an AAD diet containing folic acid at 2 mg/kg diet
(A08112102). At 6 weeks of age, H. pylori-infected
mice were infected by oral gavage with 0.2 ml of
H. pylori SS1 at 1 x 10° CFU/ml every other day for
a total of three doses, and control mice were sham
infected three times with 0.2 ml Brucella broth at the
same intervals. Approximately 1 month after infec-
tion, four mice were euthanized to confirm H. pylori
colonization. At 18 WPI, a subset of the infected and
uninfected mice was switched to an AAD diet con-
taining folic acid at 8 mg/kg diet (A08112103).
Concurrent with placing mice on the enriched folate
diet, 14 infected mice on 2 mg folic acid/kg diet and 16
infected mice on 8 mg folic acid/kg diet were dosed by
oral gavage with omeprazole (400 pmol/kg/d;
Wedgewood Pharmacy), metronidazole (14.2 mg/
kg/d; Wedgewood Pharmacy), and clarithromycin
(7.15 mg/kg/d; Wedgewood Pharmacy) in a 0.2-mL
volume twice a day for 7 d as previously described.'”
The number of mice included in the study is summar-
ized in Table 1.

Following unexpected morbidity and mortality
associated with acute gastric bleeding at approxi-
mately 24 WPI, all mice received subcutaneous
injections of 100 pg of phylloquinone (PK) in
NaCl and dextrose solution for 3 d followed by
an injection every 3 d for 2 weeks. At 26.5 WPI, all
mice were placed on reformulated AAD diets con-
taining either 2 or 8 mg folate/kg diet and 1.2 mg
PK/kg diet (Figure 1(a)). Study cohorts are sum-
marized in Table 1 and consisted of mice fed 2 mg
folate/kg diet with no H. pylori infection or anti-
biotics (2CTL), H. pylori-infected mice with no
antibiotics (2HPno), and H. pylori-infected mice
receiving antibiotics (2HPab). Similarly, mice
receiving 8 mg folate/kg diet were divided into
uninfected mice with no antibiotics (8CTL),
H. pylori-infected mice with no antibiotics
(8HPno), and H. pylori-infected mice receiving
antibiotics (8HPab) (Table 1 and Figure 1(a)).
Age- and sex-matched, uninfected INS-GAS mice
on a standard rodent diet (RMH3000) had feces



collected for comparative vitamin K and micro-
biome analysis. Mice on the standard rodent diet
were bred at MIT and housed in the same cubicle
as mice on the AAD diet and were included as the
“Chow” group.

Necropsy

At 28 WPI, mice were euthanized by CO, inhala-
tion. Serum was collected and frozen. Stomach
tissue was collected from the squamous foresto-
mach to the proximal duodenum. A central long-
itudinal strip of gastric tissue was collected from
each animal and processed for histological exam-
ination as previously described.”* Adjacent gastric
tissue was flash-frozen for RNA and DNA extrac-
tion. Gastric lesions were graded by a blinded,
boarded veterinary pathologist (SM) on an ascend-
ing score from 0 to 4 for inflammation, epithelial
defects, atrophy, hyperplasia, pseudopyloric meta-
plasia, dysplasia, and mucous metaplasia.”> The
gastric histopathologic assessment index (GHAI)
provides an overall index of gastric disease severity
and consists of the sum of the following six cri-
teria: inflammation, epithelial defects, oxyntic
atrophy, hyperplasia, pseudopyloric metaplasia,
and dysplasia/neoplasia.

Complete blood count (CBC)

Clinically anemic mice were humanely eutha-
nized using CO2 following AVMA guidelines.
Following intra-cardiac collection, approximately
1 ml of blood was placed into an EDTA blood
collection tube. Blood from clinically healthy
mice was collected from the submandibular vein
using a 5 mm lancet. All collected blood was
immediately inverted multiple times in EDTA
tubes.  CBCs performed by the
Comparative Pathology Diagnostic laboratory at
the MIT Division of Comparative Medicine with
the HEMAVET 950FS (Drew Scientific, Miami
Lakes, FL).

were

H. pylori colonization levels

Gastric tissue was extracted using the DNeasy
PowerLyzer PowerSoil Kit according to the suppli-
er’'s protocol (Qiagen Inc., Valencia, CA). Bead
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beating of samples was performed with a Next
Advance Bullet blender (Troy, NY) for 8 min at
the maximum speed. Concentration and quality of
the prepared DNA were analyzed using Nanodrop
2000C (Thermo Scientific, Wilmington, DE).
H. pylori colonization levels were quantified using
a fluorogenic PCR assay with urease B primers.56
H. pylori copy numbers were normalized to
a microgram of mouse chromosomal DNA as
determined by quantitative PCR with a eukaryotic
185 endogenous control (Life Technologies,
Carlsbad, CA).

Vitamin K analysis

Liver (0.2 g) was homogenized in PBS using
a Powergen homogenizer (Fisher Scientific).
Reversed phase HPLC was used to measure PK and
MK4 in livers.”” Fecal vitamin K (PK, MK5-MK13)
in 0.1 g feces was measured by LC-atmospheric
pressure chemical ionization-MS as previously
described.”®

Microbiome analysis

Fecal DNA was extracted using the DNeasy
PowerLyzer PowerSoil Kit, and DNA was amplified
using universal primers of F515 (GTGYC
AGCMGCCGCGGTAA) and R926 (CCGYCAAT
TYMTTTRAGTTT) to target the V4 and V5 regions
of bacterial 16S rRNA fused to Illumina adaptors and
barcode sequences as described previously.”
Individual samples were barcoded and pooled to
construct the sequencing library, followed by
sequencing with an Illumina MiSeq instrument to
generate pair-ended 300 x 300 reads. Overlapping
pair-end reads were aligned using PEAR.® Paired
reads shorter than 300 bp were filtered out.
Subsequent analysis and normalization were per-
formed using QIIME 1.9.1 within the
MicrobiomeHelper v. 2.0.0 virtual box.>>"%
Chimeric sequences were removed by comparison
to the database Bacteria_ RDP_trainset15_092015.fa.
Operational taxonomic units (OTUs) present at less
than 0.1% of total reads were removed. Microbial
communities were compared using UniFrac.
Sequences were grouped into OTUs at 97% sequence
similarity using uclust. Taxonomy was assigned
using Ribosomal Database Project (RDP) classifier
against GreenGenes database, and sequences were
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aligned, and a phylogenetic tree was constructed
from reference sequences using FastTree. An OTU
table showing counts of each OTU in each sample
was produced. To control for differences in sequen-
cing depth, OTU tables were rarified at a single
sequencing depth.°>®* Alpha diversity was deter-
mined using the Chao 1 index. Significant differ-
ences in alpha diversity were evaluated using
a non-parametric two-sample t-test with p-values
<0.05 were considered significant. Beta diversity
was determined using weighted UniFrac and the
results presented as principal coordinate analysis
(PCoA) plots.65 Microsoft Excel and R (v 3.4.1 at
http://www.R-project.org/) were used to perform
statistical analyses and graphically represent data.
Additionally, R library ggplot2 (2.2.1), FactoMineR,
factoextra, missMDA, corrplot, cluster, fpc, plsdepot,
caret, vegan, and gtools were used to model micro-
biome and menaquinone data.’®®” Two-sample
unequal variance t-tests were performed on the dis-
tance matrices with P-values <0.05 considered sig-
nificant. Abundance of bacterial families was plotted
using an arcsine transformation of the square root of
the relative abundance of each bacterial family in
each individual sample. Significant differences in
the relative abundance of select bacterial taxa were
analyzed using Linear discriminant analysis effect
size (LEfSe) to compare the effects of antibiotics,
dietary folate, and H. pylori infection.® Statistical
significance was determined using the Kruskal-
Wallis test with a posthoc pairwise Wilcoxon test to
compare subclasses. Samples with P-values <0.05 for
both tests were then screened for effect size using
a threshold of 2 for the logarithmic linear discrimi-
nant analysis score computed by LEfSE. In silico
prediction for the capability of KEGG pathways
was performed using PICRUSt 1.1.°* STAMP soft-
ware was used to analyze the differences in KEGG
orthology identifiers in the feces using a two-sided
White’s non-parametric t-test with the Benjamini-
Hochberg procedure for multiple test correction.”
Pathways with corrected P-values <0.05 were con-
sidered significant.

Quantitative PCR of cytokines, FoxP3, iNOS, and
menA

Total RNA was extracted from gastric tissue with
Trizol reagent (Invitrogen, Carlsbad, CA), and

cDNA was synthesized from 5 pg of total RNA
using the High Capacity c¢cDNA Archive kit
(Applied Biosystems, Foster City, CA). mRNA
levels for IL-10, TGEFfB, IL-17A, IL-1B, TNFa,
IFNy, iNOS, FoxP3, and endogenous control,
GAPDH, were quantified using TaqMan gene
expression assays (Applied Biosystems, Foster
City, CA) in the 7500 FAST Sequence Detection
System. mRNA levels were normalized to GAPDH
expression with baseline comparisons made to
uninfected mice using the AACT method.
Quantitative PCR of the menA gene was per-
formed on fecal DNA extracted for microbiome
analysis using SYBR Green Master Mix (Applied
Biosystems). Briefly, Akkermansia muciniphila,
Bacteroides uniformis, and Muribaculum intesti-
nale were identified as the three major bacterial
contributors to the menA gene (K0548) in
PICRUSt analysis. These three species contributed
>60% of menA copies in the study. Published
genomes for each species were collected, and 83,
71 and 3 menA sequences were extracted and
aligned for A. muciniphila, B. uniformis,
and M. intestinale, respectively. Based on align-
ments, qPCR primers were designed for each spe-
cies with specificity confirmed using BLASTn.
Preliminary testing revealed clean peaks in melting
curve analysis. Primers used to detect menA were
AKK_f 5-TGCCTCCAGATTGCCTGCA-3' and
AKK_r 5-CCGCTGGCCGTCATGCGCA-3" for
A. muciniphila, BAC_f 5'-AACAGAATTCACCCT
ACGCATGGT-3" and BAC_r 5- GCAATCTGC
ATGCCGCAGG-3' for B. uniformis and MUR_f
5'-TCTGCGCACACTGCCTGT-3" and MUR_r 5'-
GCCACCTGCGCCAGCA-3" for M. intestinale.
Universal 16S rRNA levels were also measured
using primers 1047F (5-GTGSTGCAYGGY
TGTCGTCA-3') and 1174R (5-ACGTCRTCCM
CACCTTCCTC-3').”° The thermal cycling condi-
tions used were as follows: denaturation at 95°C
for 20 s; 40 amplification cycles of denaturation at
95°C for 3 s and annealing at 60°C for 30 s;
followed by a single dissociation stage consisting
of denaturation at 95°C for 15 s followed by incu-
bation at 60°C with the temperature increased
from 60°C to 95°C at 0.1°C/s. For each sample,
ACt is the difference between the Ct value when
menA was detected and the Ct of universal bac-
teria. The average ACt of uninfected mice on 2 mg
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folate/kg diet (2CTL) was used as the control
group, and the AACt was the difference between
each sample’s ACt and the average ACt of 2CTL
mice.

Statistical analysis

Statistical analyses distinct from statistical analysis
of the microbiome were performed using
GraphPad Prism Versions 6.01 and 8.02. Sample
distributions were evaluated and statistical ana-
lyses were performed using non-parametric
Mann-Whitney tests comparing group means for
gastric pathology and cytokine evaluation. MK
values were converted to relative abundances
using the fraction of total analysis in GraphPad.
The relative contribution of each MK between
groups (CTL, HPno, and HPab) was compared
using one-way ANOVA and analyzed using
Sidak’s multiple comparisons test. Statistical sig-
nificance for all analyses was designated as
a p-value <0.05. For menA qPCR results, statistical
significance between AACt values of the treatment
groups was computed using the Kruskal-Wallis
test followed by a posthoc Dunn’s test.

Abbreviations

AAD Amino Acid Defined, or chemically
defined, diet

CRC Colorectal cancer

CTL Uninfected mice on the AAD diet without
antibiotics

GI Gastrointestinal

Hb Hemoglobin

HCT Hematocrit

HP or H. pylori Helicobacter pylori

HPab H. pylori infected mice on the AAD diet
treated with antibiotics

HPno H. pylori infected mice on the AAD diet
without antibiotics

LDA Linear Discriminant Analysis

LEfSe Linear discriminant analysis Effect Size

MCHC Mean corpuscular hemoglobin
concentration

MD Menadione or Vitamin K3

MKn Menaquinone or Vitamin K2. “n” repre-
sents the number of isoprenyl units
attached to the menaquinone side chain

ouT Operational Taxonomic Unit

PCA Principal Component Analysis
PCoA Principal Coordinate Analysis
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PICRUSt Phylogenetic Investigation of Communities
by Reconstruction of Unobserved States
PK Phylloquinone or Vitamin K1

PLSDA Partial least squares discriminant analysis

POST-PK End of study time point after treatment
with phylloquinone

PRE-PKq Time point prior to phylloquinone
treatment

PT Prothrombin time

PTT Partial thromboplastin time

RBC Red blood cells

SEM Standard error of the mean

WBC White blood cells

WPI Weeks post infection
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