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A B S T R A C T

A powder formulation of viable Akkermansia muciniphila bacteria (AMUC) was evaluated in a 90-day repeated-
dose toxicity study in rats and a battery of genotoxicity studies to evaluate AMUC as a food ingredient. All studies
followed Organisation for Economic Co-operation and Development protocols (OECD TG 408, 471 473, 474).
AMUC was administered to rats via gavage at 0, 500, 1000, and 2000 mg/kg body weight/day (equivalent to 0,
4.1 × 1010, 9.2 × 1010, and 1.64 × 1011 CFU/kg body weight/day). No mortality or treatment-related adverse
effects were reported in any endpoints that were attributed to AMUC consumption. No bacterial translocation of
viable A. muciniphila from the intestinal tract was found to the liver, mesenteric lymph nodes, or blood. The no-
observed-adverse-effect level was concluded to be the highest dose tested (2000 mg/kg body weight/day),
approximately 1.64 × 1011 CFU/kg body weight/day. AMUC (nonviable) was not mutagenic when examined in
an in vitro bacterial reverse mutation assay and not clastogenic in an in vitromammalian chromosomal aberration
test. Viable AMUC was not genotoxic when evaluated in an in vivo mammalian cell micronucleus assay when
administered at up to 1.64 ×1011 CFU/kg body weight/day. These results confirm that AMUC is not toxic under
the conditions of these studies.

1. Introduction

Akkermansia muciniphila is a Gram-negative, anaerobic, non-motile,
non-spore-forming, oval-shaped, commensal, mucin-degrading bacte-
rium abundantly present in the gastrointestinal tract of adults and
children where it represents 1–4 % of the microbial community [11,12,
20,24,71]. A. muciniphila preferentially colonizes the mucin-rich intes-
tinal mucus layer, as found in the colon [62]. A. muciniphila enzymati-
cally degrades the mucin, which is used as a source of carbon, nitrogen,
and energy to synthesize oligosaccharides and short-chain fatty acids (e.
g., acetate and propionate) required for bacterial growth [12,23,39].
The mucin degradation results in positive modulation of mucosal
thickness and gut epithelial function [79].

A. muciniphila was initially isolated and characterized from the fecal

sample of a healthy adult [12], but subsequent studies have shown that
A. muciniphila is present in different parts of the intestinal mucosa as
well as feces [19,27,7,73]. A. muciniphila has also been detected in
human breast milk, and may be transferred from mothers to newborns
through humanmilk as this bacterium colonizes the intestinal tract early
in life achieving levels of abundance similar to those observed in healthy
adults within a year [11,20,43,7]. Collado et al. [7] assessed the levels of
A. muciniphila at various life stages (i.e., 1-, 6-, and 12-month-old infants;
25- to 35-year-old adults; and 80- to 82-year-old elderly) and reported
that A. muciniphila was detected in 16–90 %, 100 %, and 96 % of fecal
samples, respectively. Median values were approximately 1× 104 to 1×
105, 1 × 108, and 1 × 106 A. muciniphila cells/gram in infants, adults,
and elderly, respectively.

Observational studies have shown that A. muciniphila is less
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abundant in fecal samples from adults with several disease states,
including diabetes, obesity, and metabolic syndrome [27,34,5,57,6,66,
77,9]. Results of animal model studies suggest that supplementation
with A. muciniphila may have positive effects on glucose maintenance
and metabolic parameters [22,64,75,78]. However, other studies sug-
gest that A. muciniphila is not beneficial in all circumstances. Luo et al.
[41] indicates that (i) not all A. muciniphila act in the same manner, and
(ii) in mouse models with specific gut microbiota or in certain disease
states, A. muciniphila may not act in a beneficial manner. However, this
may be species-specific, as the temporal increase in A. muciniphila over a
human’s lifetime is an inverse of what has been reported in mice [41].

Nonclinical [2,29,56] and clinical [10,56] studies have shown that
oral administration of A. muciniphila is well tolerated and no test item–
related mortalities, adverse effects, or safety concerns have been re-
ported. However, most of these studies were proof-of-concept type in-
vestigations rather than traditional safety assessments. A comprehensive
safety assessment of pasteurized A. muciniphila was previously con-
ducted by Druart et al. [13] who performed a 90-day toxicity study and
genotoxicity assays comprised of bacterial reverse mutation and in vitro
mammalian cell micronucleus tests. Findings of these studies support
that pasteurized A. muciniphila is safe as a food ingredient, as the results
of both in vitro genotoxicity studies were negative and no adverse effects
were observed in the 90-day study. The authors concluded a
no-observed-adverse-effect-level (NOAEL) to be the highest dose tested
of 1500 mg/kg body weight/day, equivalent to 9.6× 1010 A. muciniphila
cells/kg body weight/day [13].

Thermal pasteurization is a mild form of heat treatment that,
although limiting the denaturation of cellular components, results in
inactivation of heat-sensitive microorganisms and some degradation of
the cellular components. Therefore, in the present work, a series of
nonclinical safety studies were conducted to determine the safety of a
viable A. muciniphila formulation lyophilized into powder form (AMUC)
for use as a food ingredient. A 90-day oral toxicity study in rats and an in
vivo mammalian cell micronucleus assay were completed to assess the
potential for subchronic toxicity and genotoxic effects, respectively. A
nonviable AMUC formulation was utilized to assess potential mutation
activity in a bacterial reverse mutation assay and potential chromatid-
type or chromosomal-type aberrations in an in vitro mammalian chro-
mosomal aberration test.

The 90-day oral toxicity study evaluated clinical observations, body
weight, food consumption, clinical chemistry, hematological parame-
ters, and gross and histopathological alterations following repeated
daily gavage administration of viable A. muciniphila to male and female
Sprague-Dawley rats. A component of the study included a determina-
tion of the level of bacterial translocation from the intestinal track to the
mesenteric lymph nodes, liver, and blood following repeated adminis-
tration of viable AMUC to ascertain whether the translocated bacteria (if
any) were derived from the test substance.

2. Materials and methods

2.1. Test materials

The viable A. muciniphila ingredient (AMUC) is an off-white powder
manufactured using traditional fermentation methods. Briefly, a pro-
duction strain derived from A. muciniphila strain DSM 22959 (ATCC
BAA-835) is fermented using a proprietary process and its growth curve
is monitored via optical density at a wavelength of 600 nanometers
(OD600). After optimal growth is achieved, the A. muciniphila cell cul-
ture is concentrated to a biomass that is then mixed with a 10 % sucrose
cryoprotectant solution at a 1:1 ratio (w:v), then dried by lyophilization.
The resulting viable A. muciniphila cake is milled to a fine powder to
obtain the final ingredient comprised of 90 % viable A. muciniphila and
10 % sucrose.

Stability analysis and concentration verification were conducted at
the beginning (Day 1), middle (Day 45), and end (Day 92) of the study in

samples from all dose preparations. Furthermore, homogeneity was
assessed in samples collected from the top, middle, and bottom of Day 1
dose preparations. Levels of heavy metals and microbiological contam-
inants were confirmed to be within company specifications for viable
A. muciniphila powder (data not shown).

2.2. Experimental design

2.2.1. Bacterial reverse mutation assay
Viable AMUC was evaluated in vitro for its potential to induce gene

mutations in bacteria (i.e., Salmonella (ser.) Typhimurium and Escher-
ichia coli) using the bacterial reverse mutation assay (Ames test). This
assay was conducted at Product Safety Labs (PSL; Dayton, NJ) and was
in compliance with GLP guidelines [50], Organisation for Economic
Co-operation and Development (OECD) Test Guideline No. 471, Bacte-
rial Reverse Mutation Test [54], and general guidance from the U.S. FDA
Redbook 2000, IV.C.1.a., Bacterial Reverse Mutation Test [68] and ICH S2
(R1) Guidance on genotoxicity testing and data interpretation for pharma-
ceuticals intended for human use [32].

Based on results from the preliminary sterility check, the viable
AMUC was sterilized with gamma irradiation (25–40 kGy). Testing was
conducted on the post-sterilized test substance. Using the plate incor-
poration method and subsequent confirmatory pre-incubation test, S.
Typhimurium strains TA98, TA100, TA1535, and TA1537 and Escher-
ichia coli strain WP2 uvrA (obtained from Molecular Toxicology Inc.)
were incubated with the test substance in sterile water at levels of 1.58,
5.0, 15.8, 50, 158, 500, 1580, and 5000 μg/plate in both the presence
and absence of metabolic activation (rat liver S9 microsomal fraction,
obtained from Molecular Toxicology Inc., Boone, NC). The plates were
evaluated in triplicate at each dose level. Sodium azide (15 μg/mL for
TA100 and TA1535), 9-aminoacridine hydrochloride monohydrate
(500 μg/mL for TA1537), 2-nitrofluorene (10 μg/mL for TA98), and 4-
nitroquinoline N-oxide (5 μg/mL for WP2 uvrA) were used as positive
controls in the absence of metabolic activation. In the presence of
metabolic activation, 2-aminoanthracene (20 μg/mL for TA1535 and
TA1537; 100 μg/mL for WP2 uvrA) and benzo[a]pyrene (50 μg/mL for
TA100, TA98) served as positive control substances. Sterile water served
as the negative (vehicle) control under both conditions of metabolic
activation.

An evaluation of toxicity was based on the partial or complete
absence of a background lawn of non-revertant bacteria or a substantial
dose-related reduction in revertant colony counts compared with lower
dose levels and concurrent vehicle control, considering the historical
control range. Where precipitation obscured observations of the back-
ground lawn, the lawn was considered normal and intact if the revertant
colony counts were within the expected range based on the results of the
lower dose levels and historical control counts for that strain. An eval-
uation of mutagenicity was based on the mutation factor (MF) for the
revertant colony. The MF was calculated by dividing the mean revertant
colony count by the mean revertant colony count for the corresponding
vehicle control group. A significant increase in mutagenicity was
determined by resultant MFs of ≥2 for TA98, TA100, and WP2 uvrA and
≥3 for TA1535 and TA1537. The increase was considered significant if
occurring in a dose-related or reproducible manner and with mean
values out of historical controls levels.

2.2.2. In vitro mammalian chromosomal aberration test
The in vitromammalian chromosomal aberration test was conducted

in accordance with OECD Test Guideline No. 473 [51] and standard
operating procedures of the Eurofins BioPharma Product Testing labo-
ratory under Good Laboratory Practice (GLP) standards (Munich, Ger-
many). The potential for the test substance to produce clastogenic effects
was evaluated in human peripheral blood lymphocytes obtained by
venipuncture from a healthy non-smoking human donor with no known
recent exposure to genotoxic chemicals and radiation. The test article
was treated with gamma-irradiation (VPTRad; Chelmsford, MA) prior to
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culture. The lymphocytes were cultured in Chromosome Medium 1 A
(Gibco®) after treatment with an anti-coagulant (heparin) and
pre-cultured in the presence of the mitogen phytohematogglutinin.
Preliminary solubility tests determined that the best-suited test article
vehicle was Minimum Essential Media cell culture medium. A
pre-experiment cytotoxicity test was conducted with concentrations of
the test substance at 125, 250, 750, 1250, 2500, and 5000 µg/mL. Based
on the results of the cytotoxicity study, the exposure concentrations for
Experiment I with a short-term (4-hour) treatment with and without S9
metabolic activation and for Experiment II with a long-term (24-hour)
treatment without S9 metabolic activation were 125, 250, 750, 1250,
2500, and 5000 µg/mL. After treatment, the cells were washed and
resuspended in complete cell culture medium, incubated for 20 hours
(recovery time) for Experiment I and for 24 hours (preparation interval)
for both Experiments I and II, then treated with colcemid and harvested,
according to the OECD protocol [51]. Precipitation was recorded at
1250 µg/mL in Experiment I, both with and without metabolic activa-
tion, and therefore the evaluated experimental points were 250, 750,
and 1250 µg/mL in Experiment I, both with and without S9, and 125,
250, and 1250 µg/mL, in Experiment II without S9 metabolic activation.
Ethyl methanesulfonate (EMS; Sigma-Aldrich) was utilized as the posi-
tive control for Experiments I and II without metabolic activation;
cyclophosphamide (CPA; Sigma-Aldrich) was utilized as the positive
control for Experiment I with metabolic activation. The cultures for
Experiments I and II were prepared in duplicate. Metaphases (n=150)
were scored for structural chromosomal aberrations, except in the pos-
itive controls in which the number of metaphases scored was reduced to
170 (CPA) in Experiment I and 25 (EMS) in Experiment II.

All slides were independently coded and evaluated for structural
chromosomal aberrations breaks, fragments, deletions, exchanges, and
chromosomal disintegrations. Gaps were recorded but not included in
aberration rate calculations. The mitotic index was determined to assess
potential cytotoxicity and the number of polyploid cells was scored.

2.2.3. In vivo mammalian erythrocyte cell micronucleus test
An in vivo mammalian cell micronucleus test was conducted by PSL

(Dayton, NJ) in accordance with GLP guidelines [50], OECD Test
Guideline No. 474, Mouse Micronucleus Test [52] and general guidance
from the U.S. FDA Toxicological Principles for the Safety Assessment of
Food Ingredients, Redbook 2000, IV.C.1.d., Mammalian Erythrocyte
Micronucleus Test [69]. Fifty CD-1 (Swiss-derived) mice (n=25/sex)
approximately seven weeks of age were acclimated for six days before
being randomized into five groups, each containing five mice/sex. The
mice were grouped as follows: Group 1 – 0.05 % L-cysteine–phospha-
te-buffered saline (PBS) solution (control); Groups 2, 3, and 4 – targeted
doses of A. muciniphila at 4.1 ×1010, 8.2 ×1010, and 1.64 ×1011 AFU
[active fluorescent units] of A. muciniphila/kg body weight/day,
respectively. These doses corresponded to 500, 1000, and 2000 mg test
item/kg bw. Group 5 was administered CPA monohydrate (40 mg/kg
body weight) on Day 2 only, as a positive control group. All substances
were dosed via gavage. At study termination, mice were anesthetized
with carbon dioxide and then euthanized by exsanguination followed by
cervical dislocation. IACUC Approval for the study was obtained prior to
study commencement.

The following parameters were analyzed: body weights/body weight
changes, clinical observations, average of reticulocyte percentage (%
RET), percentage micronucleated normochromatic erythrocytes (%MN-
NCE), and frequency of micronucleated reticulocytes (% MN-RET), also
stated as micronucleated immature erythrocytes (MIE). Blood was ob-
tained from each animal (cardiac puncture), processed according to the
Litron In Vivo Micronucleus Kit (MicroFLowBASIC; Rochester, NY),
fixed, permeabilized, and stored frozen in methanol until evaluation.
The cells were immunostained with dyes to identify immature vs.mature
erythrocytes via flow cytometry (fluorescent labeled anti-CD71 anti-
body), platelets (fluorescent labeled anti-CD61 antibody), and DNA
content (propidium iodide, following RNAse treatment). A minimum of

4000 immature erythrocytes/animal was the analysis target for MIE
enumeration. DNA content was measured in mature (CD71-/CD61-) and
immature (CD71+/CD61-) erythrocytes.

Test validity was accepted if (i) negative control group animals had
MIE values within the expected ranges of published method values and
laboratory control data, and (ii) the positive control caused a statisti-
cally significant increase in MIE with mean values outside the historical
negative control range. Cytotoxicity occurred if the reticulocyte fraction
was less than 5 % of the respective vehicle control. A result was positive
if the treatment group exhibited a statistically significant increase in MIE
frequency when compared to the concurrent negative control, and if the
treatment group mean was outside the historical negative control data
95 % control limits.

2.2.4. 90-Day oral toxicity study
The 90-day oral toxicity study was conducted at PSL in compliance

with OECD GLP Guidelines [50], OECD Test Guideline No. 408, Repeated
Dose 90-Day Oral Toxicity Study in Rodents [53] and U.S. FDA Redbook
2000, IV.C.4.a., Subchronic Toxicity Studies with Rodents [70]. Male and
female CRL Sprague-Dawley CD IGS rats were obtained from Charles
River Laboratory, Inc. PSL is AAALAC (Association for Assessment and
Accreditation of Laboratory Animal Care) accredited and certified in the
appropriate care of all live experimental animals andmaintained current
staff training, ensuring animals were handled humanely during the
experimental phase of this study, and met all guideline standards.

After a six-day acclimation period, seven- to eight-week-old rats free
of clinical signs of disease or injury, and with body weight variation
within ±20 % of the mean body weight for each sex, were randomly
distributed and stratified by body weight for males (142–195 g) and
females (186–244 g) on the day of study initiation. Animals were group-
housed in polycarbonate cages with two rats of the same sex per cage
under a 12-hour light/dark cycle at a room temperature of 17–24◦C and
relative humidity of 31–62 %. Food and water were available ad libitum.

CRL Sprague-Dawley rats (10/sex/group) were administered
0 (sterile PBS as vehicle control) (Group 1), 500 (Group 2), 1000 (Group
3), or 2000 (Group 4) mg/kg body weight/day of the test substance via
oral gavage for 90 consecutive days, yielding targeted dose-equivalents
of viable A. muciniphila of 0, 4.1× 1010, 8.2× 1010, and 1.64× 1011 CFU
[colony-forming units]/kg body weight/day, respectively. Doses for the
90-d study were established on the basis of potential human exposure
and noting that 2000 mg/kg bw/day is conventionally used as the
highest doses gavage studies of food ingredients not expected to cause
signs of toxicity.

Ophthalmological examinations (i.e., focal illumination, indirect
ophthalmoscopy, and slit-lamp microscopy) were performed during the
acclimation period and at the end of the study (Day 89). Cage-side ob-
servations of all experimental animals were performed daily, and mor-
tality was determined at least twice daily. Food consumption, body
weight and detailed clinical observations were recorded twice during
the acclimation period, prior to study start on Day 1, and at weekly
intervals (7±1 days) thereafter. To calculate organ-weight-to-body-
weight ratios, the experimental animals were also weighed prior to
euthanasia. Parameters evaluated in the clinical evaluations included
changes in gait, posture, behavior, skin, fur, eyes, and mucous mem-
brane. Presence of secretions and excretions, autonomic activity (e.g.,
lacrimation, piloerection, pupil size, unusual respiratory pattern), ste-
reotypies (e.g., repetitive circling, excessive grooming), clonic or tonic
movements, and abnormal behavior (e.g., walking backwards, self-
mutilation) were also assessed.
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Following overnight fasting, blood samples were collected via the
inferior vena cava, under isoflurane anesthesia, prior to terminal sacri-
fice at the end of the study for clinical pathology, including hematolo-
gy,1 clinical chemistry,2 and coagulation.3 IThyroid hormone
measurements were not carried out as part of the protocol for this study
given that data supports that there is either no target involvement or
only suggested health benefits of probiotics on gut-thyroid or
hypothalamic-pituitary axis thyroid function [25,36,63,72].

At the end of the study, all animals (including decedents) were
euthanized by exsanguination from the abdominal aorta under iso-
flurane anesthesia and subjected to full necropsy. Necropsy included
evaluation of the external surface of the body, all orifices, musculo-
skeletal system, and the thoracic, abdominal, pelvic, and cranial cavities
and their contents. Wet organ weights were evaluated for the following
organs: brain, liver, thymus, heart, kidneys, adrenals, spleen, pituitary
gland, thyroid/parathyroid, uterus, ovaries with oviducts, testes,
epididymides, prostate, and seminal vesicles. The day before schedule
sacrifice, animals were placed in metabolism cages and urine was
collected for urinalysis.4

Organs and tissues of all animals were preserved in 10 % neutral
buffered formalin except for eyes, optic nerve, epididymides, and testes,
which were preserved in modified Davidson’s fixative and stored in
ethanol for possible histopathological analysis. Histopathological anal-
ysis was conducted on the organs and tissues of all animals from the
control (Group 1) and the high-dose group (Group 4). The histopatho-
logical examination included all gross lesions; liver; kidneys; spleen;
urinary bladder; organs of the gastrointestinal tract (esophagus, colon,
stomach, cecum, duodenum, jejunum, ileum with Peyer’s patches, and
rectum); endocrine system (pancreas, pituitary gland, thymus, thyroid,
parathyroid, and adrenals); respiratory tract (nose, nasal turbinates,
larynx, pharynx, trachea, and lungs); female (ovaries, oviducts, uterus,
vagina, and cervix) and male (prostate, testes, epididymides, and sem-
inal vesicles) reproductive tract; brain (sections including medulla/
pons, cerebellar, and cerebral cortex); spinal cord (cervical, mid-
thoracic, and lumbar); lymph nodes (mandibular and mesenteric);
salivary glands (sublingual, submandibular, and parotid); mammary
gland; heart; aorta; skin; skeletal muscle, eyes; optic nerve; sciatic nerve;
Harderian gland; femur; bone marrow from femur; and sternum. Slide
preparation and histological assessment was conducted by a board-
certified veterinary pathologist at StageBio, Mount Jackson, VA.

2.2.5. Bacterial translocation analysis
As part of the 90-d study translocation analysis was conducted on

samples of whole blood (0.5 mL), liver, and mesenteric lymph nodes
(0.2–0.5 g) collected from four to five randomly selected rats/sex/group.
To determine bacterial growth and achieve adequate colony growth for
counting, homogenized and/or diluted samples were plated on pre-
reduced Brain Heart Infusion (BHI) Agar plates (n=3/rat/tissue) and
incubated anaerobically for nine days at approximately 37◦C. After

incubation, all plates were visually inspected for CFU growth and indi-
vidual colonies were counted and their morphology was assessed for
seven characteristics (size, form, elevation, margin, surface, opacity, and
pigmentation). The average CFU/mL of blood or gram of tissue was
calculated based on the amount of sample evaluated, the plate colony
growth, and the respective dilution factor.

The plates were provided to BioPrimate (Chester, PA) and the col-
onies were further characterized using phylogenetic and random
amplification of polymorphic DNA (RAPD) analysis. First, colonies were
replated on new BHI Agar plates and incubated at 37◦C for nine days for
DNA isolation. If more than five colonies of a single morphological type
were present on plates from a single tissue from an experimental animal,
only five representative colonies of that particular morphology were
selected for further analysis. DNA was extracted from the regrown col-
onies and the 16S ribosomal RNA gene variable region 4 (V4) was
amplified using the standard primers and methods [18]. The amplified
fragments of the V4 region of the 16S rRNA gene were subject to
massively parallel sequencing by Illumina for taxonomic identification.
Briefly, amplicon libraries were sequenced on an Illumina MiSeq in-
strument and the consensus sequence for each isolate was generated,
and a taxonomic designation was assigned by comparison to the Gen-
Bank database [1,46]. The 16S rRNA V4 region of Akkermansia differ-
entiates it from other genera. Importantly, for Haloferula, the closest
non-Akkermansia genetic match, this region differs by over 10 %.
Further, this region can differentiate among isolates of the species
A. muciniphila.

2.3. Statistical analysis

2.3.1. Bacterial reverse mutation assay
PSL calculated the mean values and standard deviations for all

quantitative data.

2.3.2. In vitro mammalian chromosomal aberration test
The data from the main Experiments I and II were evaluated for

concentration-related increases in chromosomal aberrations by the
Fischer’s exact test with statistical significance at the 5% level (p<0.05),
when compared to the corresponding negative control. Aberrant cells
without gaps were only used for calculations. Statistical trend analysis
was also evaluated (chi-square test for trend; p<0.05).

2.3.3. In vivo mammalian erythrocyte cell micronucleus test
The proportions of immature vs. total erythrocytes and micro-

nucleated erythrocytes were analyzed by the paired t-test (GraphPad
Prism software; San Diego, CA). For all comparisons, a p-value of ≤0.05
indicated a significant effect.

2.3.4. 90-day oral toxicity study
PSL performed statistical analysis of all data collected during the in-

life phase of the 90-day oral toxicity study as well as organ weight data.
Statistical significance was judged at a probability value of p<0.05.

2.3.4.1. In-life data. For in-life endpoints (e.g., food intake and body
weight), statistical analysis was performed between each treatment
group and the control group using a repeated-measures analysis of
variance (ANOVA), testing the effects of both time and treatment, with
methods accounting for repeated measures in one independent variable
(time) [45]. The p-value for each individual factor was further analyzed
by a post hoc multiple comparisons test (e.g., Dunnett’s test; [16,17]).

2.3.4.2. Organ weight and bacterial translocation data. Homogeneity of
variances [4] and normality were evaluated for parameters with single
measurements of continuous data within groups (e.g., absolute and
relative organ weight, bacterial translocation data). Treatment and
control groups were compared using a one-way ANOVA where normal

1 Hematological analysis included assessments of hematocrit, hemoglobin
concentration, mean corpuscular hemoglobin, mean corpuscular volume, mean
corpuscular hemoglobin concentration, red blood cell (erythrocyte) count,
platelet count, red cell distribution width, reticulocyte count, white blood cell
count, and differential leukocyte count.
2 Clinical chemistry parameters included alkaline phosphatase, serum

alanine aminotransferase, serum aspartate aminotransferase, gamma-glutamyl
trans-peptidase, sorbitol dehydrogenase, total bilirubin, urea nitrogen, low-
density lipoprotein, high-density lipoprotein, blood creatinine, albumin, glob-
ulin, triglycerides, total cholesterol, fasting glucose, total serum protein, cal-
cium, inorganic phosphorus, sodium, potassium, and chloride.
3 Coagulation analysis included activated partial thromboplastin time and

prothrombin time.
4 Urinalysis included microscopic examination of urine sediment and

assessment of pH, volume, color, clarity, quality, specific gravity, blood, bili-
rubin, total protein, urobilinogen, and ketones.
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distribution and homogeneous variances were observed. A comparison
of the treated groups to control was performed with a
multiple-comparisons test (e.g., Dunnett’s test; [16,17]). Treatment
groups were compared using a non-parametric method such as
Kruskal-Wallis non-parametric ANOVA [37] where variances were
considered significantly different. A comparison of treated groups to
control (e.g., Dunn’s test; [15]) was performed where non-parametric
ANOVA was significant.

2.3.4.3. Clinical pathology. Clinical pathology data were preliminarily
analyzed for homogeneity (Bartlett’s test; [4]) and normality (Shapir-
o-Wilk test; [61]). Where homogeneity and normality were not signifi-
cant, data were compared using a one-way ANOVA followed by a
Dunnett’s test [16,17]. Where homogeneity and normality were signif-
icant, a log transformation was applied to the data. If the log trans-
formation failed to achieve normality and variance homogeneity, the
data were analyzed via a non-parametric method (e.g., Kruskal-Wallis
non-parametric ANOVA; [37]). When the non-parametric ANOVA was
significant, a Dunn’s test was utilized to compare treatment groups to
control group (e.g., Dunn’s test; [15]).

3. Results

3.1. Bacterial reverse mutation assay

No treatment- or dose-related increases in the number of revertant
colonies in the main test (Table 1) or in the confirmatory test (Table 2)
were observed in S. Typhimurium strains TA98, TA100, TA1535, and
TA1537 and Escherichia coli strain WP2 uvrA in either the presence or
absence of metabolic activation upon incubation with nonviable AMUC
up to 5000 μg/plate. These results were consistent when analyzing the
MF results for these tests (Supplementary Tables S1 and S2). For all
strains, at least eight non-toxic dose levels without precipitate or
contamination were evaluated. No signs of precipitation, contamina-
tion, or toxicity were observed in any of the strains at all dose levels.
Further, the mean revertant colony counts of all strains treated with
sterile water (vehicle) were within range of historical controls [26,44]
and the positive controls induced a substantial increase in revertant
colonies, in both the absence and presence of metabolic activation,
confirming the validity of the tests.

3.2. In vitro chromosomal aberration assay

Exposure of human peripheral blood lymphocytes to nonviable
AMUC (short-term both with and without metabolic activation, or long-
term without metabolic activation) did not result in any biologically or
statistically significant changes, nor did it demonstrate dose-dependent
increases in the frequency of cells with chromosomal aberrations, when

compared to the respective control groups under the conditions of this
study (Table 3). No biologically relevant increases in polyploid cell
frequencies were found after nonviable AMUC treatment. A biologically
relevant decrease of the relative mitotic index (decrease below 70%), an
indication of toxicity, was noted in Experiment I at 1250 μg/mL without
metabolic activation and at 750 μg/mL with metabolic activation. In
Experiment II, a biologically relevant relative mitotic index decrease
was reported at 1250 μg/mL (Table 3) without metabolic activation. The
positive control treatments resulted in significant increases in chromo-
somal aberrations in the test system, confirming the ability of the test to
indicate clastogenic effects.

3.3. In vivo mammalian erythrocyte cell micronucleus test

All animals appeared healthy during the study and no clinical signs
or mortality were reported for any animal during the observation period
until exsanguination. Flow cytometry analysis was performed on sam-
ples from all animals of the study. No biologically or statistically sig-
nificant change in the % RET, % MN-NCE, and % MN-RET (MIE) were
observed in the highest viable AMUC treatment group, when compared
to the negative (vehicle) control (Table 4). Treatment with CPA resulted
in a reduction in the %RET and increases in the % MN-RET, confirming
the validity of the test and test system.

3.4. 90-day oral toxicity study

3.4.1. Test substance and dose preparation analyses
To determine whether the experimental animals received the target

concentrations at the dose levels tested in the 90-day oral toxicity study,
test substance stability and dose preparation homogeneity was assessed
and concentration verification was conducted (Supplementary Tables S3
to S5). Viable AMUCwas determined to be stable under the conditions of
storage over the course of the study as the difference in the viable CFU
content assessed at Day 1, Day 45, and Day 92 was 0.11 %. The overall
stability was determined to be 100.11 % (Supplementary Table S3).
Concentration of A. muciniphila was verified in the dose preparations of
Day 1, Day 45, and Day 92. The analysis of Day 1 mixtures resulted in
79.7, 118.0, and 129.4 % of target concentrations; the analysis of Day 45
mixtures resulted in 45.3, 93.3, and 80.0 % of target concentrations; and
the analysis of Day 92 mixtures resulted in 66.7, 116.7, and 108.3 % of
target concentrations for Groups 2, 3, and 4, respectively
(Supplementary Table S4). Homogeneity analysis indicated that the
dose mixtures of Day 1 for Groups 2, 3, and 4 had a relative standard
deviation of 1.5, 0.3, and 1.1 %, respectively (Supplementary Table S5).
AMUC was therefore homogeneously distributed in the dose prepara-
tions at all tested concentrations. These results indicate that the dose
preparations met the target concentrations in the mid- and high-dose
preparations to provide viable A. muciniphila at up to 1.64 ×1011

Table 1
Summary of bacterial reverse mutation assay results (plate incorporation method – main test; up to 5000 µg/plate) – mean revertant colonies per plate.

µg/plate TA98 TA100 TA1535 TA1537 WP2 uvrA

¡S9 þS9 ¡S9 þS9 ¡S9 þS9 ¡S9 þS9 ¡S9 þS9

1.58 28±2.1 27±3.5 109±7.0 111±16.1 13±6.1 13±2.6 14±3.6 15±1.5 33±0.6 43±5.6
5 29±4.7 29±3.6 111±4.2 107±10.2 16±3.1 9±3.2 12±3.2 13±2.3 33±2.0 42±5.9
15.8 25±3.8 30±4.0 106±5.0 115±9.5 14±2.5 9±1.2 13±0.0 16±3.2 41±6.7 43±5.5
50 29±3.1 26±0.6 111±7.8 113±4.4 12±2.1 12±2.5 13±2.1 12±0.0 36±3.6 42±2.5
158 25±4.2 27±7.6 109±4.7 113±6.7 21±4.9 14±1.7 10±2.1 11±2.0 34±2.5 42±2.6
500 26±5.3 31±5.3 98±2.6 122±4.6 14±3.2 13±2.3 12±2.9 12±3.2 41±4.0 44±0.6
1580 25±2.6 26±2.1 110±8.3 115±10.4 14±3.1 11±2.1 12±1.0 14±2.5 43±3.1 47±1.2
5000 30±1.5 34±2.1 112±10.6 108±2.9 13±0.6 15±4.0 10±1.0 18±0.6 45±4.5 43±5.5
Sterile water 24±2.9 24±4.2 108±5.3 118±3.5 13±5.0 11±1.7 13±2.0 14±2.3 34±1.2 38±3.1
Positive control 175±23.6a 165±20.5b 450±43.5c 638±61.2b 542±44.5c 370±27.0d 218±10.7e 256±52.4d 710±19.9 f 229±18.7d

SD = standard deviation.
a 2-Nitrofluorene; b benzo[a]pyrene; c sodium azide; d 2-aminoanthracene; e 9-aminoacridine HCl H2O; f 4-nitroquinoline N-oxide.
Data are shown as mean ± SD revertant colonies per plate for three replicates for each concentration in each experiment.
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CFU/kg body weight/day. Slightly lower than target concentrations of
viable A. muciniphilawere noted in the low-dose group. The source of the
variation is unknown, but the result is of no concern as the target con-
centrations were achieved in the higher dose groups.

3.4.2. Mortality and clinical observations
No mortalities or clinical observations related to the administration

of AMUC were observed. Clinical signs in the study were considered to
be incidental and of no toxicological significance. Incidental clinical
observations in male animals included slight to moderate hair loss on the
head and superficial eschar of the head or back with corresponding
detailed clinical observations of hair loss and eschar, in the control
group (Group 1) and in groups receiving the mid and high doses of
AMUC (Groups 3 and 4, respectively). Incidental clinical observations in
female animals included slight to moderate hair loss on the left/right
forepaw, back, or head with corresponding detailed clinical observa-
tions of hair loss among the control and all treatment groups, and su-
perficial eschar on the head, nose/snout, or back with corresponding
detailed clinical observations of eschar in groups receiving the low and
high dose of AMUC (Groups 2 and 4, respectively).

3.4.3. Body weight, food consumption, and ophthalmological observations
No significant changes in terminal body weight (Tables 5 and 6),

mean weekly body weights (Fig. 1), or food consumption (data not
shown) were reported in male or female rats following administration of

the test substance. Although mean daily body weight gain was signifi-
cantly increased on Days 1–8 in male rats receiving AMUC at all doses
(p˂0.05–0.01) and on Days 8–15 in male rats receiving 1000 mg/kg
body weight/day of AMUC (Group 3; p˂0.05) (data not shown), mean
weekly body weights for male rats were comparable across all groups
(Fig. 1). Similarly, mean daily and weekly body weight gain for female
rats receiving all doses of AMUC were comparable to the control group
(data not shown).

No ophthalmological changes associated with the administration of
AMUC were observed. On Day 89, a single male in the high-dose group
(Group 4) presented an incipient cataract in its right eye, a common
sporadic finding in young Sprague-Dawley rats. Thus, AMUC is not
considered an ocular toxicant.

3.4.4. Organ weights, necropsy, and histopathological observations
Examination of absolute and relative organ weights revealed no

changes related to AMUC administration (Tables 5 and 6). Thyroid-
parathyroid absolute weight was significantly increased in female rats
of Groups 2 (p˂0.01) and 4 (p˂0.01). Consistently, thyroid-parathyroid-
to-body-weight ratio was increased in females of Group 2 (p˂0.001) and
4 (p˂0.5), while thyroid-parathyroid-to-brain-weight ratio was signifi-
cantly increased in females of Group 2 (p˂0.001). However, these in-
creases were not seen in female rats of Group 3 nor in any of the male
rats receiving all doses of AMUC. These organ weight changes were
therefore considered incidental, unrelated to the administration of

Table 2
Summary of bacterial reverse mutation assay results (pre-incubation method – confirmatory test; up to 5000 μg/plate) – mean revertant colonies per plate.

μg/plate TA98 TA100 TA1535 TA1537 WP2 uvrA

¡S9 þS9 ¡S9 þS9 ¡S9 þS9 ¡S9 þS9 ¡S9 þS9

1.58 25±4.0 30±2.3 100±8.4 101±5.6 14±3.8 10±0.6 8±1.7 13±4.6 43±2.9 43±4.2
5 23±4.2 26±3.2 110±7.8 106±10.5 15±5.2 10±4.2 9±3.5 10±1.7 41±6.4 43±5.6
15.8 25±3.1 29±5.0 97±18.1 110±9.5 15±2.1 11±3.2 11±1.2 12±3.8 38±3.5 43±5.0
50 29±5.5 28±1.0 98±16.5 102±9.0 16±3.6 12±3.5 11±1.5 13±3.6 40±2.0 45±7.8
158 22±5.1 31±1.5 106±5.8 114±8.1 20±4.0 15±5.5 10±3.1 13±3.5 33±2.0 44±0.6
500 25±3.6 27±6.1 88±7.6 110±3.8 19±3.5 12±4.4 12±3.1 13±4.0 34±4.2 44±5.1
1580 28±3.8 33±2.6 87±11.1 115±3.2 12±1.0 13±4.0 10±2.1 14±3.5 32±1.5 44±5.2
5000 34±2.1 33±3.5 82±5.5 115±7.6 20±2.9 13±2.6 10±3.8 13±1.5 46±1.0 45±3.5
Sterile water 23±4.0 23±1.5 116±5.6 99±8.0 17±1.2 11±2.0 15±1.7 11±1.0 33±0.6 46±2.5
Positive control 179±8.7a 160±14.5b 496±85.9c 603±25.5b 553±43.0c 322±36.6d 272±29.1e 243±37.5d 1020±5.9 f 189±14.1d

SD = standard deviation.
a 2-Nitrofluorene; b benzo[a]pyrene; c sodium azide; d 2-aminoanthracene; e 9-aminoacridine HCl H2O; f 4-nitroquinoline N-oxide.
Data are shown as mean ± SD revertant colonies per plate for three replicates for each concentration in each experiment.

Table 3
Chromosome analysis of AMUC in human peripheral blood lymphocytes with and without exogenous metabolic activation (S-9).

Treatment time (hours) S9 (þ/-) Dose group Concentration
(µg/mL)

Numerical aberration (%) Cytotoxicity

Including gaps Excluding gaps Relative mitotic index (%) Precipitation (þ/-)

Experiment I
4 - Controla 0 3.0 1.7 100 -

AMUC Group 2 250 1.7 1.3 94 -
AMUC Group 3 750 1.0 0.3 74 -
AMUC Group 4 1250 1.0 1.0 55 +

Positive controlb 900 6.3 5.0 63 -
4 + Controla 0 3.0 1.3 100 -

AMUC Group 2 250 3.0 2.0 97 -
AMUC Group 3 750 3.0 0.7 60 -
AMUC Group 4 1250 2.7 2.0 71 +

Positive controlc 900 12.9 11.8 131 -
Experiment II
24 - Controla 0 2.7 1.3 100 -

AMUC Group 2 125 2.0 0.7 95 -
AMUC Group 3 250 1.0 1.7 73 -
AMUC Group 4 1250 4.0 1.0 45 -
Positive controlb 400 80.0 76.0 17 -

AMUC = Akkermansia muciniphila bacteria lyophilized into a powder form.
a Culture medium; b ethyl methanesulfonate; c cyclophosphamide.
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AMUC, and of no toxicological significance, as no patterns, dose-
response relationship, or correlations were identified.

No macroscopic and microscopic alterations were related to the
administration of AMUC to rats via oral gavage. No abnormalities were
observed at necropsy; histopathological evaluation of tissues from rats
in the control group (Group 1) and from rats administered 2000 mg/kg
body weight/day of AMUC (Group 4) revealed thyroid follicular cell
hypertrophy in male and female rats of both groups, as well as minimal
liver mixed cell infiltration, mild pancreatic fibrosis, and minimal
chronic progressive nephropathy. Mild to severe thyroid follicular cell
hypertrophy was observed in all in male rats of the control group (1)
(n=10) and in nine out of ten rats of the high-dose group (Group 4)
(Table 7). Eight out of ten female rats of Control Group 1 presented mild
to marked thyroid follicular cell hypertrophy while the change ranged
from mild to severe in nine out of ten female rats of Group 4. The study
director concluded that the thyroid follicular cell hypertrophy may
represent an exacerbation of a background change and the severity of
change indicated that the hypertrophy may have been present prior to
study initiation. All microscopic findings were determined to be inci-
dental, of the nature commonly observed in this strain and age of rats,
and/or of similar incidence and severity in control rats and in animals
administered 2000 mg/kg body weight/day of AMUC. As such, they
were considered unrelated to the oral administration of AMUC.

3.4.5. Hematology, clinical chemistry, and urinalysis
Hematological analysis found red cell distribution width (RDW)

Table 4
Results of in vivo mouse micronucleus test with viable AMUC.

Group AMUC dose
(AFU/kg BW/
day)

Mean ± SEM p-value

Male Female Male Female

% RET ​ ​ ​ ​ ​
Negative
control

0 1.73
±0.07

1.37
±0.12

- -

AMUC 3.58 ×1010 1.83
±0.19

1.19
±0.12

na na

7.35 ×1010 1.64
±0.15

1.42
±0.21

na na

1.32 ×1011 1.70
±0.18

1.84
±0.22

ns ns

Positive
control

- 0.34
±0.04

0.45
±0.11

p<0.0001 p=0.0010

% MN-NCE ​ ​ ​ ​ ​
Negative
control

0 0.14
±0.01

0.12
±0.01

- -

AMUC 3.58 ×1010 0.13
±0.01

0.12
±0.01

na na

7.35 ×1010 0.14
±0.01

0.10
±0.01

na na

1.32 ×1011 0.12
±0.01

0.12
±0.03

ns ns

Positive
control

- 0.13
±0.01

0.15
±0.01

ns ns

% MN-RET ​ ​ ​ ​ ​
Negative
Control

0 0.16
±0.01

0.18
±0.04

- -

AMUC 3.58 ×1010 0.17
±0.02

0.16
±0.02

na na

7.35 ×1010 0.16
±0.02

0.15
±0.01

na na

1.32 ×1011 0.14
±0.01

0.15
±0.05

ns ns

Positive
control

- 2.51
±0.18

2.02
±0.40

p=0.0002 p=0.0114

- = not applicable; AFU = active fluorescent units; AMUC = Akkermansia
muciniphila bacteria lyophilized into powder form; BW = body weight; MN-NCE
= micronucleated normochromatic erythrocytes; MN-RET = micronucleated
reticulocytes (i.e., micronucleated immature erythrocytes [MIE]); na = not
analyzed; ns = not significant; RET = reticulocytes; SEM = standard error of the
mean.

Table 5
Absolute and relative organ weights of male rats administered AMUC for 90
days.

Parameter Group 1,
0 mg/kg
BW/day
AMUC

Group 2,
500 mg/kg
BW/day
AMUC

Group 3,
1000 mg/kg
BW/day
AMUC

Group 4,
2000 mg/kg
BW/day
AMUC

Male terminal
body weight (g)

570.2±41.5 570.0±61.6 596.9±89.2 555.8±68.8

Absolute organ
weights

​ ​ ​ ​

Adrenals (g) 0.0675
±0.0152

0.0644
±0.0075

0.0627
±0.0132

0.0669
±0.0083

Brain (g) 2.254
±0.125

2.280
±0.102

2.299
±0.117

2.286
±0.087

Epididymides 1.7036
±0.3239

1.7119
±0.2915

1.7434
±0.1569

1.7190
±0.1430

Heart (g) 1.669
±0.191

1.603
±0.122

1.722
±0.236

1.627
±0.190

Kidneys (g) 3.601
±0.394

3.675
±0.369

3.866
±0.527

3.570
±0.373

Liver (g) 15.197
±1.931

15.045
±2.368

15.934
±2.730

14.079
±1.771

Pituitary gland
(g)

0.0145
±0.0027

0.0148
±0.0042

0.0149
±0.0047

0.0144
±0.0040

Prostate, SV, CG
(combined) (g)

4.430
±0.587

4.662
±1.040

4.476
±0.504

4.052
±0.840

Spleen (g) 0.944
±0.110

0.979
±0.158

1.029
±0.129

0.973
±0.127

Testes (g) 3.909
±0.383

3.836
±0.333

3.967
±0.283

3.960
±0.313

Thymus (mg) 0.3094
±0.0614

0.3639
±0.1487

0.2883
±0.0636

0.3199
±0.0766

Thyroid-
parathyroid (g)

0.0286
±0.0061

0.0246
±0.0030

0.0269
±0.0048

0.0244
±0.0075

Organ-weight-to-
body-weight
ratios

​ ​ ​ ​

Adrenals/BW 0.1183
±0.0265

0.1135
±0.0129

0.1064
±0.0234

0.1218
±0.0206

Brain/BW 3.966
±0.283

4.030
±0.347

3.908
±0.456

4.157
±0.430

Epididymides/
BW

2.9789
±0.4531

3.0455
±0.6776

2.9574
±0.3733

3.1237
±0.3820

Heart/BW 2.921
±0.169

2.828
±0.247

2.897
±0.205

2.935
±0.181

Kidneys/BW 6.307
±0.393

6.492
±0.795

6.504
±0.551

6.450
±0.452

Liver/BW 26.633
±2.599

26.395
±2.994

26.733
±2.644

25.402
±2.175

Pituitary/BW 0.0026
±0.0005

0.0026
±0.0008

0.0025
±0.0008

0.0026
±0.0008

Prostate, SV, CG
(combined)/BW

0.008
±0.001

0.008
±0.002

0.008
±0.001

0.007
±0.001

Spleen/BW 1.660
±0.191

1.729
±0.299

1.744
±0.263

1.783
±0.372

Testes/BW 6.858
±0.460

6.809
±1.024

6.731
±0.744

7.190
±0.809

Thymus/BW 0.5458
±0.1156

0.6266
±0.1781

0.4921
±0.1289

0.5768
±0.1249

Thyroid-
parathyroid/BW

0.50188
±0.10032

0.43481
±0.06454

0.45954
±0.10907

0.45226
±0.17229

Organ-weight-to-
brain-weight
ratios

​ ​ ​ ​

Adrenals/BrW 0.0298
±0.0058

0.0282
±0.0030

0.0272
±0.0051

0.0293
±0.0035

Epididymides/
BrW

0.7530
±0.1163

0.7516
±0.1267

0.7578
±0.0482

0.7514
±0.0457

Heart/BrW 0.740
±0.075

0.704
±0.051

0.749
±0.087

0.711
±0.066

Kidneys/BrW 1.596
±0.129

1.611
±0.128

1.678
±0.175

1.560
±0.123

Liver/BrW 6.741
±0.763

6.608
±1.052

6.913
±0.964

6.153
±0.659

Pituitary/BrW 6.4279
±1.1206

6.5253
±1.9543

6.4800
±2.0446

6.3088
±1.7326

(continued on next page)
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decreased in male rats of Group 4 (p˂0.05) (Table 8) while no changes in
hematology or coagulation values were observed in female rats for any
treatment groups compared to the respective control. Further, the
coagulation parameter prothrombin time (PT) was significantly
increased (p˂0.001) in males of Groups 3 and 4 (Table 8). Clinical
chemistry analysis (Table 9) revealed a significant decrease in albumin
and triglycerides (p˂0.01) in males of Group 4 administered AMUC.
Further, total cholesterol and high-density lipoprotein (HDL) were
decreased in males of Group 4 (p˂0.01) and in females of Group 3
(p˂0.05).

Despite their statistical significance, the findings in hematology,
coagulation, and clinical chemistry parameters were not observed in a
dose-dependent manner, not associated with any corresponding histo-
pathological observations, and within historical control range, and thus
considered to be not adverse and unrelated to the administration of
AMUC. Urinalysis was unremarkable and not significantly different
(p>0.05) from the control groups.

3.4.6. Translocation analysis
Translocated bacteria were found among both males and females in

each group, including vehicle control animals (Supplementary
Table S6). The bacteria isolates were characterized and differentiated
from the test item A. muciniphila isolates by sequence of the 16S V4
region. The following genera were identified: Bacillus (69 isolates),
Proteus (35 isolates), Staphylococcus (9 isolates), Bifidobacterium (6 iso-
lates), Enterococcus (6 isolates), Bacteroides (4 isolates), Lactococcus (3
isolates), Escherichia (3 isolates), Ligilactobacillus (2 isolates), Cutibacte-
rium (1 isolate), Phocaeicola (1 isolate), Streptococcus (1 isolate), and
Aerococcaceae (1 isolate). Importantly, none of the translocated bacteria
were of the Akkermansia genus, and thus no treatment-administered
bacteria were found to be translocated in this study.

The numbers of isolates from blood or mesenteric lymph nodes were
not significantly different (p>0.05) across groups in both male and fe-
male rats. For liver tissue, although no significant differences (p>0.05)
were reported in male rats, the number of isolates was significantly
higher (p˂0.01) in the female group administered 1000 mg/kg body
weight/day of AMUC (Group 3). This finding was not observed in male
rats and in the female high-dose group, and was therefore considered not
treatment-related.

4. Discussion

The safety of AMUC was evaluated in several toxicity studies to
assess its potential genotoxicity and subchronic toxicity. The results of
the bacterial reverse mutation assay in S. Typhimurium and E. coli
confirmed that nonviable AMUC was not mutagenic under the

Table 5 (continued )

Parameter Group 1,
0 mg/kg
BW/day
AMUC

Group 2,
500 mg/kg
BW/day
AMUC

Group 3,
1000 mg/kg
BW/day
AMUC

Group 4,
2000 mg/kg
BW/day
AMUC

Prostate, SV, CG
(combined)/
BrW

1.961
±0.199

2.055
±0.489

1.945
±0.171

1.777
±0.398

Spleen/BrW 0.420
±0.055

0.430
±0.073

0.447
±0.049

0.426
±0.057

Testes/BrW 1.736
±0.151

1.685
±0.161

1.727
±0.118

1.732
±0.111

Thymus/BrW 0.1376
±0.0277

0.1589
±0.0614

0.1252
±0.0256

0.1395
±0.0305

Thyroid-
parathyroid/
BrW

0.01271
±0.00270

0.01081
±0.00142

0.01175
±0.00238

0.01068
±0.00330

AMUC = viable Akkermansia muciniphila bacteria lyophilized into powder form;
BrW = brain weight; BW = body weight; CG = coagulating gland; SV = seminal
vesicles.

Table 6
Absolute and relative organ weights of female rats administered AMUC for 90
days.

Parameter Group 1,
0 mg/kg
BW/day
AMUC

Group 2,
500 mg/kg
BW/day AMUC

Group 3,
1000 mg/kg
BW/day
AMUC

Group 4,
2000 mg/kg
BW/day
AMUC

Female
terminal body
weight (g)

335.2±32.9 319.4±43.6 318.9±33.5 324.8±34.6

Absolute organ
weights

​ ​ ​ ​

Adrenals (g) 0.0631
±0.0102

0.0645
±0.0136

0.0708
±0.0135

0.0678
±0.0142

Brain (g) 2.045
±0.079

2.040±0.084 2.033
±0.067

2.088±0.084

Heart (g) 1.107
±0.102

1.089±0.118 1.048
±0.105

1.065±0.112

Kidneys (g) 2.174
±0.179

2.094±0.137 2.124
±0.249

2.067±0.182

Liver (g) 9.177
±0.490

8.875±1.086 8.674
±1.453

8.582±1.389

Ovaries with
oviducts (g)

0.1415
±0.0212

0.1359
±0.0152

0.1294
±0.0255

0.1385
±0.0323

Pituitary
Gland (g)

0.0187
±0.0049

0.0176
±0.0035

0.0183
±0.0028

0.0199
±0.0059

Spleen (g) 0.588
±0.072

0.635±0.117 0.595
±0.099

0.593±0.093

Thymus (g) 0.2437
±0.0597

0.2412
±0.0611

0.2233
±0.0436

0.2540
±0.1036

Thyroid-
parathyroid
(g)

0.0163
±0.0026

0.0244
±0.0040**

0.0188
±0.0049

0.0218
±0.0055*

Uterus (g) 0.773
±0.227

0.754±0.316 0.729
±0.286

0.931±0.311

Organ-weight-
to-body-weight
ratios

​ ​ ​ ​

Adrenals/BW 0.1902
±0.0366

0.2076
±0.0584

0.2257
±0.0570

0.2090
±0.0405

Brain/BW 6.169
±0.801

6.512±1.029 6.444
±0.762

6.488±0.677

Heart/BW 3.312
±0.225

3.433±0.322 3.290
±0.125

3.284±0.209

Kidneys/BW 6.520
±0.597

6.627±0.670 6.669
±0.473

6.387±0.459

Liver/BW 27.609
±3.056

28.174±4.653 27.091
±2.626

26.379
±2.846

Ovaries with
oviducts/BW

0.4229
±0.0535

0.4322
±0.0732

0.4088
±0.0807

0.4260
±0.0862

Pituitary/BW 0.0056
±0.0015

0.0056
±0.0012

0.0058
±0.0009

0.0061
±0.0018

Spleen/BW 1.760
±0.188

2.023±0.489 1.882
±0.362

1.828±0.235

Thymus/BW 0.7335
±0.1986

0.7593
±0.1925

0.6998
±0.1112

0.8088
±0.3925

Thyroid-
parathyroid/
BW

0.49626
±0.12677

0.76645
±0.10667***

0.60103
±0.19377

0.67452
±0.18204*

Uterus/BW 2.318
±0.649

2.334±0.772 2.267
±0.763

2.969±1.237

Organ-weight-
to-brain-weight
ratios

​ ​ ​ ​

Adrenals/BrW 0.0310
±0.0057

0.0315
±0.0059

0.0349
±0.0072

0.0324
±0.0066

Heart/BrW 0.543
±0.061

0.536±0.079 0.516
±0.056

0.511±0.058

Kidneys/BrW 1.064
±0.087

1.029±0.091 1.045
±0.120

0.991±0.087

Liver/BrW 4.495
±0.327

4.362±0.603 4.276
±0.778

4.109±0.634

Ovaries with
oviducts/BrW

0.0694
±0.0114

0.0666
±0.0067

0.0635
±0.0118

0.0662
±0.0153

Pituitary/BrW 9.1268
±2.3128

8.6166
±1.6818

9.0352
±1.6288

9.5339
±2.8072

(continued on next page)
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conditions of the study. These results are consistent with the summary of
an unpublished study submitted to the European Food Safety Authority
(EFSA) for the safety evaluation of pasteurized A. muciniphila, in which
the pasteurized A. muciniphila was not mutagenic at up to 5000 µg/plate
in S. Typhimurium TA100, TA102, TA1535, and TA1537 in the absence
and presence of S9 metabolic activation [21]. Similarly, Ma et al. [42]
found that soluble components of A. muciniphila PROBIO were not
mutagenic in S. Typhimurium TA97a, TA98, TA100, and TA1535, and
E. coli WP2 uvrA when analyzed at 15.81, 50, 158.1, 500, 1581, and
5000 µg/plate. Treatment of human peripheral blood lymphocytes in
the in vitro chromosomal aberration study showed that the irradiated
AMUC did not induce clastogenicity, and that the viable A. muciniphila
cells administered to CD-1 mice in the in vivomicronucleus assay did not
promote micronucleus formation, confirming a lack of genotoxicity
under the study conditions. EFSA [21] evaluated the effect of

pasteurized A. muciniphila in an in vitro mammalian cell micronucleus
test in human peripheral blood lymphocytes, when treated at up to
750 µg/mL for 3 hours (in the absence and presence of S9 mix) and up to
375 µg/mL for 24 hours, and concluded that the pasteurized
A. muciniphila preparation was not clastogenic or aneugenic under the
conditions of the OECD-compliant test. The results of the present in vitro
chromosomal aberration test in human peripheral lymphocytes are
supported by the in vivomammalian cell micronucleus test conducted in
Kunming mice that were administered AKK PROBIO (A. muciniphila)
bacterial suspensions at doses of 222.2, 666.7, and 2000 mg/kg body
weight [42]. Bone marrow samples from the femurs of the mice were
evaluated and Ma et al. [42] concluded that AKK PROBIO “did not
display genotoxic activity,” as there was no difference in micronuclei
formation in polychromatic erythrocytes in the test groups (p>0.05),
when compared to the negative control group. The work by Ma et al.
[42] is in agreement with the current in vivo mammalian micronucleus
test of the peripheral blood of male and female CD-1 mice administered
viable AMUC that showed a lack of micronucleus formation and thus a
lack of genotoxic potential under the conditions of the study.

No treatment-related adverse effects were observed when AMUCwas
administered via oral gavage to male and female CRL Sprague-Dawley
CD IGS rats for 90 days at 0, 500, 1000, or 2000 mg/kg body weight/
day, corresponding to 0, 4.1× 1010, 8.2× 1010, and 1.64× 1011 CFU/kg
body weight/day of viable A. muciniphila, respectively. There were no
mortality, food consumption, body weight, body weight gain, ophthal-
mological and clinical observations, absolute or relative organ weights,
clinical pathology, hematology, coagulation, urinalysis, or histopathol-
ogy changes attributable to the administration of AMUC. Significant
changes reported in experimental animals compared with basal controls
were deemed incidental and without toxicological significance as they
were either within historical control values, not dose-dependent, or not
correlated with significant changes in clinical pathology or

Table 6 (continued )

Parameter Group 1,
0 mg/kg
BW/day
AMUC

Group 2,
500 mg/kg
BW/day AMUC

Group 3,
1000 mg/kg
BW/day
AMUC

Group 4,
2000 mg/kg
BW/day
AMUC

Spleen/BrW 0.288
±0.037

0.312±0.059 0.293
±0.051

0.284±0.040

Thymus/BrW 0.1197
±0.0320

0.1184
±0.0299

0.1099
±0.0216

0.1219
±0.0488

Thyroid-
parathyroid/
BrW

0.00798
±0.00126

0.01202
±0.00231***

0.00924
±0.00230

0.01045
±0.00261

Uterus/BrW 0.382
±0.126

0.374±0.173 0.359
±0.140

0.447±0.148

AMUC = viable Akkermansia muciniphila bacteria lyophilized into powder form;
BrW = brain weight; BW = body weight.
* p<0.01; ** p<0.01; *** p<0.001.

Fig. 1. Mean body weights of male and female rats administered AMUC for 90 days. AMUC = viable Akkermansia muciniphila bacteria lyophilized into a powder
form; bw = body weight.
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histopathology.
Minimal liver and pancreatic infiltration of mixed cells, mild

pancreatic fibrosis, minimal chronic progressive nephropathy, and mild
to severe thyroid follicular cell hypertrophy were reported in male and
female rats in the control and high-dose groups. Follicular cell hyper-
trophy is generally reported with low incidence in Sprague-Dawley CD
rats. For instance, Isobe et al. [33] assessed the historical control
background incidence of spontaneous thyroid lesions of Sprague-Dawley
CD rats used in 104-week carcinogenicity studies and reported that
incidence of spontaneous thyroid follicular cell hypertrophy was
observed in 2 of the 935 male rats evaluated (0.21 %) while this change
was not observed in the 942 female rats evaluated. Similarly, the inci-
dence of mild thyroid follicular cell hypertrophy/hyperplasia was re-
ported to be 0.94 % in male Sprague-Dawley CD rats used as control
animals in the studies evaluated by Giknis and Clifford [28]. Never-
theless, diffuse thyroid follicular cell hypertrophy/hyperplasia are often
observed in control animals, especially in male rats, and the diffuse
nature of the thyroid change, as was seen in this study, typically in-
dicates reversibility [31]. The changes were considered not toxicologi-
cally significant and not related to the oral administration of AMUC, as
no patterns, trends, or test substance–dependent responses were
detected.

RDW was significantly decreased in male rats of the high-dose group
while PT was significantly increased in male rats of the mid- and high-
dose groups. Although a non-statistically significant trend was noted
in males, the values of RDW and PT were within historical control range
values and were not correlated to histopathological changes. Further,
these changes were not observed in female rats. For these reasons, the
increase in RDW and the decrease in PT were not considered to be of
toxicological concern. Similarly, the decrease of triglycerides levels in
males of the high-dose groups and of total cholesterol and HDL levels in
males of the high-dose group and females of the mid-dose group were
not considered of toxicological significance as they were not associated
with any other correlating histopathological alteration. Previous studies
reported that administration of 2 ×108 to 5 ×109 viable A. muciniphila
for 6–24 weeks decreased levels of triglycerides [3,55,58,59] and total
cholesterol [3,30,55,56,58] in diet-induced obese mice, while levels of
HDL were found to be increased in diet-induced obese mice following
administration of 1 ×109 for four to five weeks [3,58]. Slight decreases
in blood triglyceride and total cholesterol concentrations are not typi-
cally viewed as adverse, however increased levels of blood triglyceride
and total cholesterol concentrations may be of more toxicological sig-
nificancewhen occurring for long periods of time [47,48].

Based on the toxicological data from the 90-day oral administration

Table 7
Incidence thyroid follicular cell hypertrophy of control and high-dose rats
following 90-day oral administration of AMUC.

Males Females

Group 1
(control)
0 mg/kg
BW/day
AMUC

Group 4
2000 mg/
kg
BW/day
AMUC

Group 1
(control)
0 mg/kg
BW/day
AMUC

Group 4
2000 mg/
kg
BW/day
AMUC

Number of rats
examined

10 10 10 10

Hypertrophy ​ ​ ​ ​
Number
unremarkable

0 1 2 1

Mild 1 1 2 1
Moderate 2 0 3 4
Marked 6 1 3 3
Severe 1 7 0 1
Total finding
incidence

10 9 8 9

AMUC = viable Akkermansia muciniphila bacteria lyophilized into powder form;
BW = body weight.

Table 8
Hematology/coagulation data for male and female rats following 90-day oral
administration of AMUC.

Parameter Group 1,
0 mg/kg
BW/day

Group 2,
500 mg/kg
BW/day

Group 3,
1000 mg/kg
BW/day

Group 4,
2000 mg/kg
BW/day

Males ​ ​ ​ ​
Hematology ​ ​ ​ ​
Hematocrit
(%)

52.40±2.20 52.58±1.57 51.93±2.33 51.70 ±1.51

Hemoglobin
(g/dL)

15.53±0.45 15.61±0.64 15.47±0.72 15.52±0.34

MCV (fL) 56.57±1.58 57.22±1.46 56.94±1.66 55.30±1.56
MCH (pg) 16.73±0.59 17.00±0.61 16.97±0.69 16.59±0.49
MCHC (g/dL) 29.57±0.60 29.69±0.69 29.82±0.63 30.07±0.37
Platelet count
(103/µL)

973.60
±128.50

877.60
±138.28

975.00
±92.68

969.70
±151.48

RBC (106/µL) 9.289
±0.473

9.192
±0.253

9.116±0.270 9.347±0.271

RDW (%) 15.13±1.17 14.10±0.93 14.01±1.16 13.75 ±0.88*
WBC (103/µL) 10.407

±1.739
9.825
±2.484

11.028
±2.177

11.321
±3.540

ABAS (103/µL) 0.076
±0.025

0.062
±0.023

0.065±0.031 0.073±0.029

AEOS (103/µL) 0.134
±0.046

0.113
±0.043

0.118±0.034 0.142±0.060

ALUC (103/µL) 0.091
±0.028

0.114
±0.061

0.114±0.031 0.123±0.057

ALYM (103/
µL)

8.362
±1.619

7.598
±2.469

8.561±2.110 8.678±2.384

AMON (103/
µL)

0.378
±0.069

0.313
±0.116

0.381±0.125 0.380±0.103

ANEU (103/
µL)

1.367
±0.211

1.634
±0.719

1.788±0.728 1.927±1.222

ARET (103/µL) 225.870
±49.718

183.780
±48.671

199.680
±32.534

172.640
±43.933

Coagulation ​ ​ ​ ​
APTT
(seconds)

16.62±1.56 17.00±1.10 18.16±2.90 19.58±3.32

PT (seconds) 9.69±0.26 9.90±0.16 10.10
±0.24**

10.24
±0.21**

Females ​ ​ ​ ​
Hematology ​ ​ ​ ​
Hematocrit
(%)

50.72±2.93 49.40±1.47 48.49±3.67 49.20±2.98

Hemoglobin
(g/dL)

15.29±0.72 15.06±0.37 14.83±0.95 15.14±0.77

MCV (fL) 59.31±0.97 58.99±0.93 58.83±1.61 58.96±1.71
MCH (pg) 17.87±0.34 17.98±0.45 17.96±0.39 18.12±0.47
MCHC (g/dL) 30.12±0.58 30.63±0.54 30.50±0.84 30.80±0.54
Platelet count
(103/µL)

845.90
±116.65

882.67
±96.43

894.60
±132.39

930.80
±107.77

RBC (106/µL) 8.555
±0.468

8.382
±0.347

8.263±0.520 8.369 ±0.492

RDW (%) 11.91±0.32 12.30±0.96 11.93±0.30 12.07±0.40
WBC (103/µL) 6.021

±1.183
5.717
±0.895

6.308±2.559 6.667±1.835

ABAS (103/µL) 0.037
±0.021

0.028
±0.015

0.033±0.028 0.047±0.027

AEOS (103/µL) 0.078
±0.024

0.090
±0.027

0.081±0.046 0.083±0.045

ALUC (103/µL) 0.060
±0.024

0.076
±0.076

0.062±0.039 0.058±0.026

ALYM (103/
µL)

4.861
±1.152

4.527
±0.592

5.025±1.921 5.542±1.409

AMON (103/
µL)

0.188
±0.071

0.241
±0.123

0.233±0.179 0.166±0.079

ANEU (103/
µL)

0.798
±0.346

0.760
±0.419

0.876±0.586 0.772±0.404

ARET (103/µL) 147.990
±31.463

158.689
±67.190

136.280
±33.564

127.310
±17.559

Coagulation ​ ​ ​ ​
APTT
(seconds)

16.62±3.35 19.34±6.04 18.96±6.05 17.89±1.57

PT (seconds) 8.96±0.46 9.31±0.22 9.13±0.26 9.32±0.22

ABAS = absolute basophils; AEOS = absolute eosinophils; ALUC = absolute
leukocytes; ALYM = absolute lymphocytes; AMON = absolute monocytes;
AMUC = viable Akkermansia muciniphila bacteria lyophilized into powder form;
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study in male and female rats, a NOAEL of 2000mg/kg body weight/day
AMUC, equivalent to an intake of approximately 1.64 × 1011 CFU/kg
body weight/day of viable A. muciniphila, was concluded. Similarly,
Druart et al. [13] have previously established a NOAEL of 1500 mg/kg
body weight/day for pasteurized A. muciniphila, equivalent to 9.6× 1010

cells/kg body weight/day based on the findings of a comprehensive
safety assessment, which included genotoxicity studies, unpublished
acute and 14-day toxicity studies reviewed by EFSA [21], as well as a
90-day toxicity study evaluating concentrations of pasteurized
A. muciniphila up to 1500 mg/kg body weight/day.

Hou et al. [29] evaluated the acute toxicity of two strains of
A. muciniphila, isolated from fecal matter or breast milk, in female SPF
NIH mice (n=6/group). No mortality or visible signs of toxicity and no
significant differences in body weight and hematological parameters (i.
e., red blood cell count, hemoglobin, platelet count) were observed
following oral gavage of a suspension containing 1 × 109 CFU/day for
three days. An additional acute study was conducted in immunodefi-
cient BALB/c nude mice which were gavaged with saline (control) or a
bacterial suspension containing 1 × 109 CFU/day of the A. muciniphila
strain isolated from breast milk for three days. No mortality and no
adverse effects were reported and there were no A. muciniphila–related
effects on body weight, hematological parameters, and histological ob-
servations in the colon [29].

In a four-week study by the same authors, female SPF BALB/c mice
(n=10/group) were gavaged with saline (control) or a bacterial sus-
pension containing 1 × 109 to 1 × 1010 CFU/day of the A. muciniphila
strain isolated from breast milk. Results indicated no visible sign of
toxicity, no abnormal behavior, and no mortality, and no difference
between the control and A. muciniphila groups with respect to body
weight; hematological parameters including red blood cell count,
platelet count, white blood cell count, neutrophil count, lymphocytes
count, monocytes count, eosinophiles count, basophiles count, hemo-
globin, hematocrit, mean corpuscular volume, mean corpuscular he-
moglobin, mean platelet volume, and red cell distribution width; and
histopathological alterations in the colon.

Similarly, in a study where mice were gavaged with PBS as control
vehicle or a suspension of 1.0 × 109 viable A. muciniphila MucT (ATCC
BAA-835) for five weeks (n=10/group), no mortalities and no clinical or
neurobehavioral signs of toxicity were observed [2]. No significant
differences in food consumption were indicated while the mice receiving
A. muciniphila had significantly reduced body weight and adipose weight
compared with the basal control group. Further, no histological alter-
ations were reported in the colon, liver, and adipose tissues while the
liver weight was significantly decreased in mice following oral admin-
istration of A. muciniphila. Analysis of biochemical parameters and in-
flammatory biomarkers showed that A. muciniphila significantly
decreased glucose, triglyceride, and aspartate aminotransferase levels
along with a reduction in concentrations of proinflammatory cytokines
(i.e., interleukin [IL]-6 and tumor necrosis factor-alpha) and an increase
in the anti-inflammatory cytokine IL-10 levels. The authors did not
indicate that these changes were adverse in nature and concluded that
A. muciniphila improved body weight as well as plasma biochemical and
inflammatory markers [2].

Various studies have evaluated the potential health benefits associ-
ated with the oral administration of A. muciniphila, including amelio-
ration of metabolic inflammation, effects on immune response and
metabolic parameters, and effects on intestinal barrier integrity [2,3,30,
35,38,40,56,74]. Although these studies were not designed specifically

ANEU = absolute neutrophils; APTT = activated partial thromboplastin time;
ARET = absolute reticulocytes; BW = body weight; MCH = mean corpuscular
hemoglobin; MCHC = mean corpuscular hemoglobin concentration; MCV =

mean corpuscular volume; PT = prothrombin time; RBC = red blood cells; RDW
= red cell distribution width; SD= standard deviation; WBC=white blood cells.
* p˂0.05; ** p˂0.001. All data are presented as mean values ± SD with n=9–10
animals/group.

Table 9
Clinical chemistry and urinalysis data for male and female rats following 90-day
oral administration of AMUC.

Parameter Group 1
0 mg/kg
BW/day
AMUC

Group 2
500 mg/kg
BW/day
AMUC

Group 3
1000 mg/kg
BW/day
AMUC

Group 4
2000 mg/kg
BW/day
AMUC

Males ​ ​ ​ ​
Clinical
Chemistry

​ ​ ​ ​

ALT (U/L) 32.2±7.1 30.6±12.3 34.8±8.7 26.9±5.7
Albumin (g/dL) 4.04±0.14 3.77±0.25 3.81±0.32 3.62±0.24**
Alkaline
phosphatase (U/
L)

87.9±25.9 86.3±20.2 85.2±17.4 88.1±17.9

AST (U/L) 97.0±20.1 96.8±25.8 98.4±28.1 96.5 ±25.9
GGT (U/L) 3.00±0.00 3.00±0.00 3.00±0.00 3.00±0.00
Globulin (g/dL) 2.53±0.32 2.59±0.32 2.53±0.26 2.53±0.28
Bilirubin (mg/
dL)

0.089
±0.016

0.079
±0.019

0.074±0.030 0.073±0.18

BUN (mg/dL) 12.1±1.6 13.3±1.8 11.9±1.2 13.4±2.1
Blood creatine
(mg/dL)

0.249
±0.036

0.270
±0.048

0.243±0.038 0.241±0.026

Cholesterol
(mg/dL)

84.6±20.1 78.8±23.1 72.6±21.0 52.7±15.3**

SDH (U/L) 9.47±7.51 6.57±5.60 7.85±5.64 4.93±4.49
LDL (mmol/L) 0.270

±0.082
0.340
±0.190

0.270±0.125 0.210±0.088

HDL (mmol/L) 1.500
±0.374

1.320
±0.374

1.290±0.420 0.910
±0.303**

Triglycerides
(mg/dL)

90.1±36.3 65.9±38.0 61.0±20.4 52.8±38.2**

Fasting glucose
(mg/dL)

182.3±31.7 173.5±56.4 195.0±38.8 186.5±29.5

Total protein
(g/dL)

6.57±0.37 6.36±0.38 6.34±0.33 6.15±0.32

Calcium (mg/
dL)

11.53±0.64 11.45±0.99 11.31±0.36 10.99±0.38

IPHS (mg/dL) 9.16±1.02 9.10±0.89 9.26±0.92 8.91±0.63
Chloride
(mmol/L)

99.85±1.36 100.10
±1.84

99.56±0.99 100.61±1.64

Potassium
(mmol/L)

7.867
±1.783

8.078
±1.161

7.825±1.161 7.778±0.840

Sodium (mmol/
L)

142.70
±1.34

142.70
±1.64

142.10±1.66 142.20±1.14

Urinalysis ​ ​ ​ ​
Urine volume
(mL)

11.60±8.74 12.35±8.98 8.60±3.12 13.25±7.82

Urine pH 7.30±0.63 6.95±0.37 6.90±0.39 7.00±0.41
Urine glucose
(mg/dL)

0.00±0.00 0.00±0.00 0.00±0.00 0.00±0.00

Urine ketones
(mmol/L)

14.0±10.7 10.5±6.0 14.0±3.2 11.0±5.2

Urine protein
(mg/dL)

45.0±90.0 18.0±9.5 31.0±25.4 15.0±12.2

Specific gravity 1.0210
±0.0066

1.0225
±0.0072

1.0250
±0.0047

1.0210
±0.0070

Urobilinogen
(EU/dL)

0.20±0.00 0.20±0.00 0.20±0.00 0.20±0.00

Females ​ ​ ​ ​
Clinical
Chemistry

​ ​ ​ ​

ALT (U/L) 24.0±3.1 29.9±12.2 27.3±8.4 28.3±4.4
Albumin (g/dL) 4.96±0.46 4.73±0.54 4.60±0.54 4.54±0.35
Alkaline
phosphatase (U/
L)

35.3±4.2 42.9±17.7 31.2±10.0 43.8±13.1

AST (U/L) 80.0±11.5 112.2±40.9 98.1±28.2 86.2 ±11.1
GGT (U/L) 3.00±0.00 3.00±0.00 3.00±0.00 3.00±0.00
SDH (U/L) 10.10±4.99 7.17±6.09 10.34±4.20 11.24±4.97
Globulin (g/dL) 2.18±0.12 2.13±0.36 2.03±0.19 2.28±0.24
Bilirubin (mg/
dL)

0.107
±0.039

0.115
±0.035

0.095±0.020 0.091±0.026

BUN (mg/dL) 14.2±1.9 15.3±2.2 15.0±1.5 14.5±2.0
Blood creatine
(mg/dL)

0.294
±0.039

0.284
±0.065

0.288±0.056 0.286±0.029

(continued on next page)
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to evaluate safety, daily administration of 1.0 ×108 to 5.0 ×109 CFU of
A. muciniphila for up to 40 weeks was shown to be well tolerated and no
mortality, adverse effects, or safety concerns were reported.

After 90 days of repeated administration of viable A. muciniphila, no
bacteria of the Akkermansia genus were found in blood, liver, or
mesenteric lymph nodes. Although A. muciniphila is closely associated
with the host mucosa and intestinal epithelial cells, A. muciniphila does
not cross the intestinal barrier and is not absorbed into the systemic
circulation under normal physiological conditions. Conversely, the
presence of Akkermansia-like sequences was detected in blood samples
of individuals with diseases such as cirrhosis and septicemia [14,27,60,
67]. The presence of translocated bacteria in male and female rats across
control and treatment groups and the genera isolated from the liver and
the mesenteric lymph nodes are consistent with previous studies [49].
Bacterial translocation has been previously reported in animals that are
subject to stress (either physical or chronic psychological stress) [65,76,
8] and is not unexpected in rats subject to daily gavage over an extended
period of time. Although a significant increase in the number of isolates
in the liver tissue was observed in female rats administered the mid dose
of AMUC in the present study, no dose-dependent relationship was
identified. Further, the absence of significant changes in pathological
findings or treatment-related toxicity suggests that AMUC does not
present a safety concern. This translocation study was limited to

detecting bacteria able to grow in an anaerobic atmosphere at 37◦C in
nine days. Additional limitations include the length of the incubation,
which resulted in plates that had dried out and could not be evaluated,
and the culture conditions and growth time, which favor the overgrowth
of Proteus, creating mixed colonies. Therefore, to identify the genus of
the underlying discreet colony, Proteus contribution had to be elimi-
nated from the sequencing data. Further, only five representative col-
onies were selected for taxa assignments whenmore than five colonies of
a single morphological type were identified on plates from a sample.

Altogether, the findings of the 90-day oral administration study and
the genotoxicity studies indicate no safety concern regarding the con-
sumption of viable A. muciniphila up to approximately 1.64× 1011 CFU/
kg body weight/day, and support the use of this AMUC preparation as a
novel ingredient in human food.

5. Conclusion

The safety of viable A. muciniphila was evaluated in the 90-day
toxicology study conducted according to GLP. No treatment-related
adverse effects were observed when AMUC was administered via oral
gavage for 90 days to male and female CRL Sprague-Dawley CD IGS rats
at 0, 500, 1000, or 2000 mg/kg body weight/day, yielding targeted
dose-equivalents of viable A. muciniphila of 0, 4.1 × 1010, 8.2 × 1010,
and 1.64 × 1011 CFU/kg body weight/day, respectively. Under the
conditions of the 90-day study, and based on the toxicological endpoints
evaluated, the NOAEL for AMUC was established at the highest dose
tested of 2000mg/kg body weight/day, corresponding to approximately
1.64 × 1011 CFU/kg body weight/day of viable A. muciniphila. Further,
negative results were observed in the in vitro bacterial reverse mutation
assay and genotoxicity studies. Gamma-irradiated AMUC was non-
mutagenic in S. Typhimurium and E. coli test strains at concentrations
of up to 5000 μg/plate and did not exhibit clastogenicity when evalu-
ated in the in vitro chromosomal aberration study conducted according
to OECD Test Guidelines. In addition, AMUC administered to CD-1 mice
was not genotoxic when evaluated under the conditions of the OECD
protocol for assessing micronucleus formation.

Taken together, these data support the safety of viable A. muciniphila
(AMUC) at up to approximately 1.64 × 1011 CFU/kg body weight/day
for use as an ingredient in human food.
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Table 9 (continued )

Parameter Group 1
0 mg/kg
BW/day
AMUC

Group 2
500 mg/kg
BW/day
AMUC

Group 3
1000 mg/kg
BW/day
AMUC

Group 4
2000 mg/kg
BW/day
AMUC

Cholesterol
(mg/dL)

108.1±31.3 97.4±20.5 81.5±17.1* 86.6±20.1

LDL (mmol/L) 0.203
±0.074

0.200
±0.086

0.160±0.037 0.173±0.053

HDL (mmol/L) 2.208
±0.546

1.981
±0.415

1.701
±0.338*

1.787±0.392

Triglycerides
(mg/dL)

56.0±13.4 56.9±22.9 46.8±23.7 38.5±15.5

Fasting glucose
(mg/dL)

158.7±29.9 151.1±26.3 169.6±60.2 157.5±52.2

Total protein
(g/dL)

7.14±0.49 6.86±0.45 6.63±0.61 6.82±0.36

Calcium (mg/
dL)

11.56±0.64 11.43±0.66 11.15±1.40 11.57±0.64

IPHS (mg/dL) 7.64±1.30 8.03±1.58 7.66±1.83 8.56±1.19
Chloride
(mmol/L)

99.92±1.38 100.73
±1.88

95.80±8.94 101.18±1.52

Potassium
(mmol/L)

6.588
±2.422

6.321
±1.530

6.018±1.363 7.559±2.505

Sodium (mmol/
L)

142.40
±1.65

142.80
±1.81

146.80
±10.28

142.50±2.76

Urinalysis ​ ​ ​ ​
Urine volume
(mL)

6.60±6.84 2.42±1.73 2.57±1.85 6.70±4.20

Urine pH 6.95±0.93 6.70±0.67 6.55±0.96 6.85±0.34
Urine glucose
(mg/dL)

0.0±0.0 30.0±48.3 20.0±42.2 0.0±0.0

Urine ketones
(mmol/L)

2.5±4.9 3.5±2.4 3.5±2.4 1.5±2.4

Urine protein
(mg/dL)

42.0±91.6 80.5±86.7 76.0±90.4 15.0±14.1

Specific gravity 0.9728
±0.1652

1.0275
±0.0035

1.0270
±0.0067

1.0225
±0.0059

Urobilinogen
(EU/dL)

0.28±0.25 0.36±0.34 0.36±0.34 0.20±0.00

ALT = alanine aminotransferase; AMUC = viable Akkermansia muciniphila bac-
teria lyophilized into powder form; AST = aspartate aminotransferase; BUN =

blood urea nitrogen; BW = body weight; EU = Erlich units; GGT = gamma-
glutamyl trans-peptidase; HDL = high-density lipoprotein; IPHS = inorganic
phosphorous; LDL = low-density lipoprotein; SD = standard deviation; SDH =

sorbitol dehydrogenase.
* p˂0.05; ** p˂0.01; *** p˂0.001. All data are presented as mean values ± SD
with n=9–10 animals/group.
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