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Insufficiency of Akkermansia muciniphila (Akk) has been implicated in the pathogenesis of metabolic diseases, and
administration or restoration of Akk has ameliorated these disorders. Recently, Pasteurized Akk (PA-Akk) has
been approved as a functional food. However, the impact of Akk on lipid absorption in the proximal intestine,
which is directly exposed to orally administered Akk, remains largely unexplored. In this study, we orally
administered Akk and PA-Akk to mice and investigated the subsequent lipid absorption. Long-term adminis-
tration of Akk resulted in reduced lipid deposits in the liver and adipocytes, along with improved glucose
metabolism. This was primarily attributed to a reduction in lipid absorption by epithelial cells in the proximal
jejunum. Mechanistically, Akk activated AMP-activated protein kinase (AMPK) and directly inhibit lipids ab-
sorption in both mouse and human jejunal epithelial cells. Furthermore, we demonstrated that Akk treatment,
but not PA-Akk treatment, promotes the abundance of genera that are highly abundant in the normal jejunum
and belong to the phylum Firmicutes. Thus, our study concludes that oral administration of Akk provides
beneficial effects on metabolism, partially through inhibiting jejunal lipid absorption and promoting the abun-
dance of core jejunal microbes.

1. Introduction

The gut microbiota plays a crucial role in maintaining host health.
Akkermansia muciniphila (Akk), a bacterium that resides in the ileum and
colon and feeds on mucins, has been identified as a promising next-
generation probiotic. The deficiency of Akk in the gut has been associ-
ated with metabolic diseases such as obesity, type 2 diabetes (T2D), non-
alcoholic fatty liver disease (NAFLD), and cardiovascular diseases
(Everard et al., 2013; Santacruz et al., 2010; Karlsson et al., 2012; Zhang
et al., 2013; Li et al., 2017). Studies have shown that promoting Akk
growth or directly feeding Akk to obese and T2D mice can improve
metabolic disorders, indicating a causal role of Akk in these conditions
(Everard et al., 2013; Depommier et al., 2019). Pasteurized Akk can also

improve metabolism in both mice and human, while little observed
alteration in the gut microbiota (Everard et al., 2013; Depommier et al.,
2019; Plovier et al., 2017). Although several components of Akk have
been identified as contributing to host metabolism (Plovier et al., 2017;
Yoon et al., 2021; Bae et al., 2022), the exhaustive signaling and mo-
lecular mechanism of the interaction between Akk and the host are still
not fully understood.

The upper segments of the intestine, namely the distal duodenum
and proximal jejunum, are the main areas responsible for dietary lipid
digestion and absorption in the intestine. Numerous host cellular pro-
teins involved in the regulation of lipid absorption have been identified
in the duodenum and jejunum (Ko et al., 2020). However, the interac-
tion between bacteria and epithelial cells in regulating lipid absorption
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is not fully understood. This is primarily due to the relatively lower
number of bacteria in the upper segments of the intestine compared to
the colon, as well as the difficulty in accessing the small intestine in
healthy humans, which has resulted in limited research on the bacteria
in the small intestine (Lema et al., 2020). Nevertheless, one recent study
has shown that Akk represses the expression of glucose transporters in
the jejunum, highlighting the importance of the interaction between Akk
and jejunal epithelia (Depommier et al., 2020).

AMPK is an evolutionarily conserved kinase that consists of a cata-
lytic a subunit and regulatory p and y subunits. AMPK is activated by
increased ratios of AMP/ATP and ADP/ATP, as well as other signals.
This activation involves the phosphorylation of AMPKa at Thrl172
(Hardie et al., 2012). AMPK activation promotes ATP production by
increasing the activity or expression of catabolic proteins, while
conserving ATP by switching off biosynthetic pathways. Activation of
duodenal AMPK by metformin activates a gut-brain-liver axis, which
inhibits hepatic glucose production and lowers blood glucose levels
(Duca et al., 2015). Additionally, activation of jejunal AMPK decreases
the biogenesis of free fatty acids and lipoprotein and inhibits the activity
of lipid synthesis enzymes, thus reducing the production of triglycerides,
phospholipids, and cholesteryl esters (Harmel et al., 2014).

Given that the oral administration of Akk plays a crucial role in
metabolic regulation, we hypothesized that Akk may exert its functions
in the upper segments of the intestine. In this study, we demonstrated
the function of both Akk and PA-Akk in regulating lipid absorption in the
proximal jejunum.

2. Results

2.1. Oral administration of Akk promotes glucose and lipid metabolism in
mice fed either a normal chow diet or a high-fat diet

To assess the effects of orally administrated Akk on mice fed a normal
chow diet (ND), we administered 4 x 10”8 Akk and pasteurized Akk (PA-
AKk) daily for seven weeks via gavage. We monitored glucose meta-
bolism during the treatment to determine the appropriate time point,
which was set at seven weeks (Fig. S1A,B). The bodyweight was com-
parable among the mice treated with PBS, Akk, and PA-Akk (Fig. 1A).
However, both Akk and PA-Akk administration enhanced glucose
tolerance and insulin sensitivity (Fig. 1B,C) and reduced blood triglyc-
eride levels (Fig. 1D). Thus, both Akk and PA-Akk administration
improve glucose metabolism and lower blood lipid levels in mice fed a
normal chow diet.

The effects of Akk on high-fat diet (HFD)-fed mice were also explored
based on a prolonged treatment period. Since 16 weeks of HFD feeding
induce insulin intolerance and metabolic impairment in mice, we
included 18 weeks of HFD feeding and Akk treatment in our analysis. We
administrated 4 x 10"8 Akk and PA-Akk daily for 18 weeks to HFD-fed
mice (Fig. 1E). We observed decreased body weight, improved glucose
tolerance and insulin sensitivity in mice treated with Akk and PA-Akk
(Fig. 1F,G,H,I). Notably, serum triglycerides and cholesterol levels
were reduced in both Akk and PA-Akk treated mice (Fig. 1J,K). Thus,
oral administration of Akk or PA-Akk ameliorates glucose and lipid
metabolism and reduces serum lipid levels in HFD-fed mice.

Metabolic alterations in HFD-fed mice with or without Akk admin-
istration were further investigated using metabolic cage analysis. Energy
expenditure was increased in Akk-treated mice but not in those
receiving PA-Akk (Fig. 1L). Correspondingly, oxygen consumption and
the carbon dioxide production were increased in Akk-treated mice but
remained unchanged in PA-Akk-treated ones (Fig. 1M,N). However, the
respiratory exchange ratio (RER), which is indicative of metabolic
substrate utilization, was comparable across all groups (Fig. 10).
Increased nocturnal activity was unique to Akk-treated mice (Fig. 1P),
whereas food consumption declined in both Akk and PA-Akk groups
(Fig. 1Q). We measured the body temperature under both room tem-
perature and cold stress conditions. Both orbital and rectal temperatures
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were increased in both Akk and PA-Akk treated mice in both conditions
(Fig. 1R,S). In summary, Akk-treated mice exhibited higher energy
expenditure, activity levels, and body temperature but consumed less
food, while PA-Akk-treated mice displayed reduced food intake and
increased body temperature.

2.2. Oral administration of Akk reduces lipid absorption in the proximal
Jjejunum

The reduction of blood lipid levels and overall promotion of meta-
bolism led us to investigate lipid absorption in the intestines of Akk-
treated mice. In HFD-fed mice, we observed increased daily feces
excretion in Akk-treated mice but little changes in PA-Akk-treated mice
(Fig. 2A,B). Consequently, the daily fecal lipids excretion and the
feeding lipids excretion were higher in the Akk-treated mice (Fig. 2C and
Fig.S1C). Oil Red staining revealed reduced lipid content in the proximal
jejunum of both Akk- and PA-Akk-treated mice (Fig. 2D). Additionally,
portal vein triglyceride levels were lower following corn oil gavage in
both Akk- and PA-Akk-treated mice (Fig. 2E). The oral lipid tolerance
test (OLTT) demonstrated reduced lipid absorption following a lipid
challenge in both Akk- and PA-Akk-treated mice (Fig. 2F). These data
suggest reduced lipid uptake in the proximal jejunum of mice treated
with either Akk or PA-AKk.

Eighteen-week HFD feeding led to hepatic lipid accumulation
(Fig. 2G-I). Akk or PA-Akk treatment lessened liver weight (Fig. 2G),
darkened liver color, reduced vacuolation in hepatocytes (Fig. 2H), and
decreased hepatocytic lipid accumulation (Fig. 2I). However, HFD did
not induce fibrosis in PBS-, Akk-, or PA-Akk-treated mice (Fig.S1D).
Additionally, neither Akk nor PA-Akk administration elevated the levels
of alanine aminotransferase (ALT) and aspartate aminotransferase
(AST), which are considered inflammation markers in the liver (Fig.S1E,
F). In adipose tissues, the size of adipocyte was decreased in both
epididymal and inguinal fat (Fig. 2J,K, and Fig.S1G,H), accompanied by
an overall reduction in fat weight in mice treated with either Akk or PA-
Akk (Fig.S1LJ). We followed the mice for two months after the 18-week
Akk treatment and measured body weight and lipid absorption. Both the
Akk and PA-Akk groups maintained lower body weight (Fig.S1K) and
reduced blood triglyceride levels before and after oil gavage compared
to the PBS control group (Fig.S1L), indicating that the metabolic benefits
persisted even after the Akk treatment was discontinued. In summary,
Akk and PA-Akk treatments result in reduced lipid accumulation in the
liver and adipose tissues.

2.3. Akk activates AMPK in epithelial cells of the proximal jejunum

To investigate how Akk regulates lipid absorption in the small in-
testine, we examined gene expression in intestinal epithelial cells using
RNA-seq in PBS- and Akk-administered mice fed a normal chow diet. We
identified 1273 dysregulated genes, including 296 upregulated and 977
downregulated genes, with a cutoff of p-value < 0.05 and fold change
(FC)> 1.5 (Fig. 3A and Table S1). The dysregulated genes were
confirmed by real-time quantitative reverse transcription PCR (qRT-
PCR) (Fig. 3B). Gene set enrichment analysis (GSEA) revealed that the
most significantly enriched gene sets were negatively associated with
Ribosome, cell cycle, DNA replication and RNA polymerase (Fig. 3C and
Table S2), indicating repression of biosynthesis following oral admin-
istration of Akk. Among these genes, the expression of Fasn and Accl
(Acaca), which regulate lipid neogenesis and are targets of AMPK
signaling, was downregulated (Fig. 3A,B). Given that activation of
AMPK can trigger the repression of energy expenditure such as the
repression of proliferation and biosynthesis as observed in our GSEA
analysis (Hardie et al., 2012), we further examined AMPK activity by
detecting phosphorylation of AMPKa (Thr172). Administration with
either Akk or PA-AKkk increased the phosphorylation of AMPKa and
reduced the expression of AMPK targeted genes Fasn and Accl in the
proximal jejunum epithelial cells of mice fed a HFD (Fig. 4A,B). Thus,
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Fig. 1. Effects of orally administrated Akk on metabolism in mice fed either a normal chow diet or a high-fat diet. Mice fed a normal chow diet were orally
administered PBS, Akk or PA-Akk for 7 weeks. (A) body weight, (B) glucose tolerance, (C) insulin tolerance, and (D) blood triglyceride levels were measured (n = 4).
(E) Schematic of PBS, Akk and PA-Akk administration to mice fed a high-fat diet. (F) Body weight, (G) glucose tolerance, (H) insulin tolerance, (I) Homeostasis Model
Assessment for Insulin Resistance (HOMA-IR), (J) blood triglycerides, and (K) blood cholesterol were shown. Animal number n = 6 for (F-I and K) and n = 3-4 for
(J). After 24 hours of acclimatization in metabolic cages, the HFD-fed mice underwent continuous metabolic monitoring over three days, including (L) energy
expenditure (EE), (M) O2 consumption (VO2), (N) CO2 production (VCO2), (O) respiratory exchange ratio (RER), (P) physical activity, and (Q) food intake. Ex-
periments were conducted after 18 weeks of HFD feeding and oral administration of PBS, Akk, and PA-Akk. Bar graphs represent mean values from three consecutive
days and nights, normalized to those of PBS-treated mice (A-C) or shown as counts (D-H), animal number n = 4-6. Temperatures were measured from the eye, rectal,
and oral positions under (R) ambient and (S) cold stress conditions, animal number n = 3-4. Data are represented as mean + SD; one-way analysis of variance
(ANOVA) was used for comparisons among three groups, followed by Fisher’s Least Significant Difference test for post-hoc multiple comparisons. ns, not significant;
p> 0.05, * or ¥ p < 0.05, 'p < 0.01, * **p < 0.001, * ** *p < 0.0001. Significance of Akk vs PBS and PA-Akk vs PBS is shown in blue and green color, respectively.
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Fig. 2. Lipid absorption, excretion and accumulation in the mice fed a HFD and administrated PBS, Akk and PA-AKkk for 18 weeks. (A-C) 24-hour feces (A,B)
and fecal triglyceride levels (C) collected from the mice fed a HFD, animal number n = 3-4. (D) Oil Red O staining of lipid content in jejunal villi and (E) portal vein
blood triglyceride levels. Gavage of PBS, Akk and PA-Akk was performed 2 hours before dissection, followed by corn oil gavage (10ul/g body weight) 1 hour later.
The distal jejunum was collected for staining, and portal vein blood was collected for lipid measurements, animal number n = 3 for each group. (F) Oral Lipid
Tolerance Test (OLTT) analysis in the mice that fed a HFD and administrated PBS, Akk and PA-Akk for 18 weeks. Animal number n = 4, statistical significance is
shown as Akk vs PBS (blue) and PA-Akk vs PBS (green) respectively. (G-I) Liver weight (G), liver appearance and H&E staining (H), and liver Oil Red O staining (I)
are shown. (J-K) H&E staining of epididymal fat (J) and quantification of adipocyte size (K), animal number n = 6. Data are presented as mean + SD. One-way
analysis of variance (ANOVA) was used for comparisons among three groups, followed by Fisher’s Least Significant Difference test for post-hoc multiple compar-
isons. ns, p > 0.05, *p < 0.05, * *p < 0.01, * **p < 0.001, * ** *p < 0.0001.

Akk promotes AMPK activation in the mouse jejunum. function using this method. Akk enhanced the phosphorylation of

We next explored the regulatory role of Akk on AMPKa phosphory- AMPKa, while metformin did not further increase the Akk induced
lation and lipid absorption using an in vivo incubation method, in which phosphorylation levels (Fig. 4C). Conversely, compound C eliminated
the jejunum was incubated with the fluorescence labelled lipid Bodipy- the phosphorylation induced by Akk (Fig. 4C). Correspondingly, we
C12 in the presence of various stimulators. First, we tested the incuba- detected a significant reduction in Bodipy-C12 absorption in the pres-

tion system using the AMPKa activator metformin and the inhibitor ence of Akk (Fig. 4D, E). Although metformin did not further reduce
compound C. Metformin promoted the phosphorylation of AMPKa and Bodipy-C12 levels in Akk-treated villi, compound C reversed the impact
repressed Bodipy C12 absorption, while Compound C did not further of Akk and restored Bodipy-C12 absorption in the villi (Fig. 4D,E). These
inhibit the phosphorylation of AMPKa in the presence of lipids but results demonstrated that Akk inhibits lipid absorption through the
promoted Bodipy-C12 absorption (Fig.S2A-D). Next, we test Akk activation of the AMPK pathway.
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Fig. 3. Gene expression in intestinal epithelial cells. (A) Volcano plot showing differentially expressed genes in small intestinal epithelial cells of Akk-
administrated mice, n = 3 for each group. (B) qRT-PCR verification of differentially expressed genes in intestinal epithelia of Akk-administrated mice, animal
number n = 3. (C) GSEA demonstrating enriched pathways in intestinal epithelial cells of the Akk-treated mice, including ribosome, cell cycle, ribosome biogenesis,
mismatch repair, DNA replication, and RNA polymerase pathways. qRT-PCR data are presented as mean + SD. Comparisons between two groups were analyzed

using Student’s t-test. *p < 0.05, * *p < 0.01.

Next, we investigated the effect of Akk on human jejunal epithelial
cells by employing an ex vivo incubation method, in which freshly iso-
lated jejunum was incubated with various stimulators. We verified the
responses of AMPKa phosphorylation and lipid absorption to metformin
and compound C (Fig.S2E-H) and the regulation of AMPKa phosphor-
ylation by Akk but not E.coli (Fig. 5A) in human jejunal epithelial cells.
We detected that Akk prompted the phosphorylation of AMPKa and
decreased fluorescence-labeled lipid absorption (Fig. 5B,C). Metformin
did not further enhance the effects of Akk on AMPKa phosphorylation or
lipid absorption, while the AMPK inhibitor compound C inhibited Akk
function (Fig. 5B,C). These data indicated that Akk activates the AMPK
pathway and inhibits lipid absorption in the human proximal jejunum.

2.4. Akk promotes jejunal core bacteria

As little is known about the effects of Akk on jejunal microbiota, we
investigated whether Akk or PA-Akk administration effects jejunal
resident bacteria. To this end, we collected jejunal epithelial contents
from mice administrated with PBS, Akk and PA-Akk and performed 16S
rRNA sequencing. To avoid detecting the administrated Akk, we stopped
Akk and PA-Akk administration one day before dissection. We found
that Akk administration decreased the richness of jejunal microbiota but
did not change its evenness, as assessed by Chao (Chao, 1984) and
Shannon (Shannon, 1948) indices, while PA-Akk had no effect on the
richness and evenness of jejunal microbes (Fig. 6 A,B). Furthermore,
principal component analysis (PCA) revealed that the types and abun-
dance of jejunal microbes were significantly altered in Akk-treated mice
but not in PA-Akk-treated mice (Fig. 6 C). These data indicate that Akk
treatment alters the structure of jejunal microbiota.

We analyzed the differentially abundant bacteria at the genus level
in the jejunum among PBS, Akk, and PA-Akk treatments. Although some
bacteria decreased or were lost, Akk treatment particularly promoted
the abundance of genera that are highly abundant in the normal jejunum
and belong to the phylum Firmicutes (Fig. 6D-G and Table S3 and S4).
These genera include Candidatus Arthromitus, Dubosiella, Ileibacterium,

Faecalibaculum, and Microbacterium (Table S4). Candidatus Arthromitus
was the most abundant genus induced by Akk treatment, accounting for
23.2 £ 6.3 % of the jejunal microbes in Akk-treated mice, compared to
0.025 + 0.017 % in PBS-treated mice and 0.69 + 0.68 % in PA-Akk-
treated mice (Fig. 6D, Table S4). However, the abundance of Akk it-
self was very low in the jejunum, at 0.018 + 0.0094 % in PBS-treated
mice, and there was no increase in mice treated with Akk or PA-Akk
(Fig. 6H). Thus, oral administration of Akk alters the jejunal micro-
biota and promotes jejunal core bacteria.

3. Discussion

Akk has been characterized as a next generation probiotic that
benefits host metabolism and inhibits inflammation. Previous works
have shown that Akk inhabits the distal part of the intestine and colon,
where it improves host metabolism by digesting mucin, enhancing in-
testinal barrier function, generating metabolic factors, and supporting a
healthy microbiota (Cani et al., 2022). Oral administration of either live
or pastured inactive Akk has been found to alleviate metabolic disorders
in T2D/obese animals and overweight/obese patients (Everard et al.,
2013; Depommier et al., 2019; Plovier et al., 2017). This raises the
question of whether orally ingested Akk may function in ways beyond
directly residing or acting in the distal intestine and colon to achieve
therapeutic effects in these diseased subjects. For instance, orally
administrated Akk passes through and is mostly digested in the upper
segments of the intestine, where the majority of the glucose and lipid
absorption occurs. Despite this, it still exerts beneficial effects on
metabolism, possibly by functioning in the jejunum and modulating the
jejunal microbial composition.

3.1. Akk inhibits jejunal lipid absorption
We demonstrated that oral administration of live Akk did not in-

crease Akk abundance in the colon of ND-fed animals. However, these
animals demonstrated improved glucose metabolism and decreased
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the proximal jejunal epithelia of HFD-fed mice, animal number n = 6 for each group. (C-E) Analysis of AMPKa activity and intestinal lipid absorption in jejunum. (C)
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hoc multiple comparisons. ns, p > 0.05, *p < 0.05, *

blood lipid levels. To explore novel models of Akk function, we con-
ducted the gene expression and lipid absorption analysis in the intestine.
We found that Akk inhibited lipid absorption in the jejunum, a process
regulated by the activation of AMPK. AMPK activation not only sup-
presses the expression of de novo lipogenesis gene Accl and Fasn but
also directly inhibits lipid absorption. Therefore, we showed for the first
time that Akk can induce AMPK phosphorylation and contribute to the
inhibition of lipid neogenesis and absorption in mice. In human
jejunum, we observed the same regulatory role of Akk in activating
AMPK and inhibiting lipid absorption. Thus, we proposed that orally
administered Akk interacts with epithelial cells in the proximal jejunum,
activates AMPK pathway, and inhibits lipid absorption. Our data pro-
vide a new perspective on Akk function and suggest a novel mechanism
for Akk-based therapeutic interventions in treating or preventing
metabolic diseases.

3.2. Akk but not PA-Akk promotes the abundance of core jejunal bacteria
We identified that live Akk more significantly inhibits lipids ab-

sorption than pasteurized inactive Akk in the jejunum in vivo. Firstly,
jejunal epithelial cells contained fewer lipids in Akk-fed mice compared

#p < 0.01, * **p < 0.001, * ** *p < 0.0001.

to PA-Akk-fed mice. Secondly, we detected increased daily feces and
lipid excretion in mice fed Akk but not those fed PA-Akk. Nevertheless,
no significant difference was found in glucose metabolism and lipid
accumulation in liver and adipocytes between Akk and PA-Akk treated
mice, and no difference was observed in acute lipid absorption between
the two groups. Plovier, H et al. observed greater glucose metabolic
benefits in Akk treated HFD mice compared to PA-Akk treated HFD mice
(Plovier et al., 2017). Meanwhile Depommier, C et al. found that PA-Akk
improved liver function and inflammation better than Akk in treating
obese/overweight humans (Depommier et al., 2019). However, the data
also indicated a trend of lower triglyceride levels in live
Akk-administered obese/overweight humans (Depommier et al., 2019).
To date, the specific differences in metabolic regulation between Akk
and PA-Akk are not well understood. Here we showed that although
both Akk and PA-Akk promote AMPK activity in jejunal villi, they have
different effects on modifying the jejunal microbiota. Specifically, live
AKk, but not PA-AKKk, increased the abundance of several jejunal bacteria
which belong to the main types of residents in the jejunum (Yan et al.,
2022; Lkhagvaet al. 2021; Wang et al., 2019a). Among them, Candida-
tus_Arthromitus, which is believed to be beneficial in regulating inflam-
mation and lipid metabolism (Chen et al., 2022; Tung et al., 2022; Ma
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Fig. 5. Akk induces AMPK phosphorylation and modulates lipid absorption in human jejunal epithelial cells(A) Western blot analysis of phosphorylated
AMPKa, AMPKa, and beta-Actin in human jejunal epithelial cells treated with E. coli and AKK. Quantification of phosphorylated-AMPKa/AMPKa is shown on the
right panel, n = 3. (B-C) AMPKa phosphorylation and lipid absorption in human jejunum. PBS, Bodipy-C12, Bodipy-C12 plus Akk, Bodipy-C12 plus Akk and met-
formin, and Bodipy-C12 plus Akk and compound C were incubated with freshly collected human jejunal samples for 10 minutes. (B) Western blot analysis of jejunal
villi using antibodies against phosphorylated AMPKa, AMPKa and beta-Actin. Quantification of phosphorylated-AMPKoa/AMPKa is shown on the right panel. (C)
Immunofluorescence analysis of Bodipy-C12 absorption in human jejunum, quantification analysis is shown on the right panel. Scale bar shows 50 pm and 25 pm in
the main and magnified panels, respectively. Sample number n = 3 for each group. Data are presented as mean + SD. Comparisons between two group were analyzed
using Student’s t-test. One-way analysis of variance (ANOVA) was used for comparisons among multiple groups, followed by Fisher’s Least Significant Difference test
for post-hoc multiple comparisons. ns, p > 0.05, *p < 0.05, * *p < 0.01, * **p < 0.001, * ** *p < 0.0001.

et al., 2019), increased nearly one-thousand-fold in response to Akk
treatment. HFD treatment altered the composition of the microbiota,
and specifically eliminated the intestinal Candidatus Arthromitus (Tomas
et al., 2016), indicating Candidatus_Arthromitus is negatively correlated
with dietary fat and its abundance can be promoted by Akk. Candida-
tus_Arthromitus is reported to modulate the maturation of the host gut
immune barrier (Schnupf et al., 2013, 2015) and thus plays an impor-
tance role in regulating intestinal function. Additionally, Dubosiella, a
potential probiotic, contributes to the immune tolerance and protection
against non-alcoholic fatty liver disease (NAFLD) and aging-related
diseases (Chen et al., 2024; Zhang et al., 2024; Liu et al., 2023; Ye
et al., 2023). Other Akk-regulated bacteria, such as Ileibacterium, Fae-
calibaculum, and Microbacterium, are also considered potential probiotics
(Wang et al., 2022; Nagarajan et al., 2024; Cao et al., 2024; Guo et al.,
2023). Therefore, we conclude that live Akk promotes the abundance of
core jejunal bacteria and contributes to additional metabolic effects in
the host. Further functional investigation of these jejunal bacteria is
needed.

3.3. Akk activates AMPK signaling pathway

Metformin is used to treat T2D through various mechanisms, one of
the main mechanisms being the activation of AMPK pathway (Rena
et al., 2017). Interestingly, metformin can also promote Akk growth in
vivo (de la Cuesta-Zuluaga et al., 2017; Shin et al., 2014). We showed
that Akk, metformin, and the combination of Akk plus metformin can
active AMPK in the jejunum and inhibit lipid absorption with compa-
rable intensities, indicating a common pathway and overlapping func-
tions between Akk and metformin in regulating lipid metabolism in the
jejunum. Further investigation into whether Akk functions similarly to
metformin by regulating AMPK in multiple other tissues would be
interesting.

Overall, the total number of animals used in this study was large, and
the experiments were conducted in several batches. However , the

number of animals in each individual experiment was not sufficiently
large. Nevertheless, statistical significance was observed in these
experiments.

4. Conclusion

Our data showed that orally administered Akk or PA-Akk promoted
AMPK activity and inhibited lipid absorption in the proximal jejunum.
Furthermore, Akk treatment, but not PA-AKK, increased the abundance
of core jejunal bacteria, which further contribute to the metabolic
benefits of Akk administration. Overall, oral administration of Akk
decreased lipid accumulation in the liver and adipocytes and improved
insulin sensitivity and glucose metabolism.

Our findings highlight the upper segments of the intestine as a crit-
ical site of interaction with ingested Akk and uncover novel functions of
Akk in regulating AMPK activity to inhibit lipid absorption and modu-
lating the jejunal microbiota.

Our study suggests that oral administration of Akk has the potential
to treat obesity and lipid disorders in human patients. Considering the
reduced food intake, decreased lipid absorption, lowered blood tri-
glycerides and cholesterol, and increased lipid excretion observed in
mice, taking Akk could be an effective way to reduce lipid accumulation,
which is particularly significant for individuals consuming high-fat
Western diets. However, the exact effects need to be examined and
verified through further clinical trials.

5. Materials and methods
5.1. Animals

Adult male C57/BL6N mice (8 weeks old) were used. The mice were
fed either a normal chow diet (ND) or a high fat diet (HFD) (D12492,
Research Diets). with ad libitum access to food throughout a 12-hour
light/dark cycle at a controlled temperature of 21-23°C. Akk or
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Fig. 6. 16S rRNA gene sequencing analysis of jejunal bacteria in ND-fed mice. (A, B) Chao and Shannon index showing the alpha diversity of gut microbiota in
PBS, Akk and PA-Akk treated ND-fed mice. (C) PCA plot showing the beta diversity of gut microbiota in PBS, Akk and PA-Akk treated ND-fed mice. (D-H) Relative
abundance of Candidatus_Arthromitus (D), Dubosiella (E), Faecalibaculum (F), Microbacterium (G), and Akkermansia (H) in jejunal collections from mice admin-
istrated PBS, Akk and PA-Akk for 7-week with a normal diet. Animal number n = 5. Data are presented as mean + SD. One-way analysis of variance (ANOVA) was
used for comparisons among three groups, followed by Fisher’s Least Significant Difference test for post-hoc multiple comparisons. ns, p > 0.05, *p < 0.05,

**p < 0.01, * **p < 0.001.

pasteurized Akk were orally administered via gavage at a dose of
4 x 10°8 per day. The treatment duration was seven weeks for ND-fed
mice and eighteen weeks for HFD-fed mice. For the preparation of
active Akk, cultured Akk was collected, aliquoted, and frozen. For PA-
Akk, Akk was collected and pasteurized in PBS at 70°C for 30 minutes
to kill the bacteria. Animal experiments were approved by the Institu-
tional Animal Care and Use Committee of the Jinan University IACUC-
20231225-05).

5.2. Culture of Akkermansia muciniphila

Akk (ATCC-BAA-835) was cultured with modifications to previously
described methods (Yoon et al., 2021; Derrien et al., 2004). Briefly, Akk
was cultured in anaerobic incubator (LAI-3T, LONGGYUE, China) for
48 hours in a media containing various nutrients, 13 g/L soyabean
peptone, 5 g/L tryptone,17.5 g/L brain heart infusion broth, 5.5 g/L
N-acetylglucosamine, 1.4 g/L Na2HPO4, 4 g/L threonine, 2.8 g/L NaCl,
1 g/L glucose, and 0.5 g/L L-cysteine monohydrochloride. Post-culture,
Akk was centrifuged at 4000 g for 10 minutes, washed, and resuspended
in 20 % glycerol/PBS at a concentration of 2 x 10°9/ml. Each mouse
received 200ul per day. Pasteurization was performed at 70°C for
30 minutes, and verification of no living Akk was conducted through
clonal culture. The same amount of PA-Akk was used in the treatments
administered to mice as active Akk.

5.3. Glucose tolerance test and insulin resistance test

Glucose tolerance tests (GTT) were carried out following established

protocols (Tao et al., 2018). Mice were fasted overnight and subse-
quently received an intraperitoneal (IP) injection of glucose at a dose of
2 g/kg body weight. Tail blood glucose levels were measured at pre-
determined time points (0, 15, 30, 60, and 120 minutes) post-injection
using a Sinocare glucometer (GA-3). Similarly, insulin resistance tests
(ITT) were conducted as described previously (Tao et al., 2018), with
mice fasted for 6 hours and receiving an IP injection of insulin (19278,
Sigma, USA) at a dose of 0.375 U/kg body weight. Glucose levels were
monitored within the same framework as GTT. Homeostatic model
assessment-insulin resistance (HOMA-IR) was calculated using the in-
sulin and glucose levels obtained from 16-hour fasted mice according to
the formula, HOMA-IR = [insulin (pU/ml) x glucose (mM)] / 22.5
(Gawlik et al., 2020)

5.4. Blood and fecal triglyceride measurement

For blood triglyceride analysis, blood was drawn from retro-orbital
plexus of fasted mice. An oral lipid tolerance test (OLTT) was conduct-
ed as described (Ochiai, 2020). Briefly, mice were fasted overnight
(12-hour) and subsequently fed with corn oil at a dose of 5 ml/kg body
weight. Blood was drawn before and at 1, 2, 3, 4, and 6 hours after oil
administration. For portal vein triglyceride measurement, mice were
orally administered with PBS, Akk or PA-Akk, followed by a corn oil
gavage (10ul/g body weight) one hour later. Portal vein blood was
collected one hour after oil gavage. Blood samples were allowed to clot
and were then centrifuged to collect sera. Triglyceride levels were
measured using a triglyceride assay kit (AKFAOO3M. Boxbio. China). For
24-hour fecal triglyceride measurements, 24-hour feces were collated
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for each mouse over three consecutive days. The feces were weighted
and triglyceride levels were measured accordingly. To test the excretion
of feeding lipids, mice were fasted for 16 hours and then fed a HFD
solution (3:1 in PBS) via gavage at a dose of 10 ml/kg body weight.
Feces were collected over the following 6 hours and the fecal triglyc-
eride levels were measured using the same kit.

5.5. 16S rRNA gene sequencing

Jejunal sample were collected from mice treated with PBS, Akk or
PA-AKk for seven weeks. Mice were not administrated Akk or PA-Akk
one day before dissection, and the jejunum was gently rinsed in PBS
before collecting epithelial contents to avoid detecting orally adminis-
tered Akk. Jejunal epithelial contents were collected with a rubber
scrapper, snap-frozen in liquid nitrogen, and started at —80°C until
bacterial DNA isolation. 16S rRNA library preparation and sequencing
were performed as previously described (Chen et al., 2020). The
sequencing data were analyzed using the BMKCloud platform (https:
//www.biocloud.net/).

5.6. RNAseq and qRT-PCR

Total RNA was isolated from epithelial cells scraped from the entire
small intestine, and RNA-seq libraries were constructed and sequenced
following previously established protocols (Liang et al., 2021). The
BMKCloud platform was employed for subsequent data analysis (https:
//www.biocloud.net/). For qRT-PCR, RNAs were reverse transcript
into cDNA, and primers listed in supplemental Table S5 were utilized.

5.7. Hematoxylin and eosin staining (H&E)

Liver and various adipose tissues were fixed in 4 % PFA for 24 hours.
The tissues were dehydronated and embedded in paraffin as described
previously (Liang et al., 2021). H&E staining procedures were followed
as previously described (Tao et al., 2023).

5.8. Oil red O staining

Liver and intestine were fixed in 4 % PFA for 24-hour and then cryo-
embedded. For Oil red O staining, slides were briefly rinsed in water and
incubated with 60 % isopropanol for 1 minute, followed by incubation
in 0.5 % Oil Red O for 10 minutes. This was succeeded by a 10-second
60 % isopropanol rinse and a 10-second nuclear hematoxylin stain.
Finally, slides were washed in water for 1 minute before being cover-
slipped.

5.9. Western blot

Western blot was performed with slight modifications to previously
established methods (Jia et al., 2015). Briefly, intestine villi were
scrapped, lysed with RIPA buffer containing a proteinase inhibitor
(4693159001, Rohe, Switzerland), and protein concentrations were
determined using BCA assays (Beyotime,P0010, China). Primary anti-
bodies used included phospho-AMPKalpha (Thrl72) (2535S, CST,
1:1000) , AMPKalpha (2532S, CST, 1:1000), and ActB (GTX109639,
GeneTex, 1:5000). For secondary detection, HRP-labeled anti-Rabbit
IgG (H+L) (711-035-152, Jackson lab, 1:5000) was used. Imaging was
carried out using an ImageQuant Minichemi 610 chemiluminescence
imager (SageCreation, China).

5.10. PhenoMaster analysis

A PhenoMaster system (TSE Systems, Germany) was used to assess
metabolic parameters, activity, and feeding and drinking behavior of
mice. Each mouse was acclimatized to the metabolic cage for 24 hours
before data collection over the following 72 hours. Groups of 4-6 mice
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were used for each experimental condition. Oral, rectal, and orbital
temperatures were recorded using an animal thermometer (FT3400,
KEW, China). To induce thermogenic stress, mice were individually
housed in a cage at 4°C for 6 hours.

5.11. Lipid absorption analysis

In vivo intestinal lipid absorption was assessed as follows: mice were
pre-treated with PBS, Akk, Akk plus metformin, or Akk plus compound C
one hour prior to the experiment. Then the mice were anesthetized as
described previously (Wang et al., 2019b). The proximal jejunum,
located 10 cm to 20 cm distal to the pylorus, was clamped off for in-
cubation. The isolated segment was filled with 1 ml of either PBS or a
2uM final concentration of Bodipy-C12 (molecular probes, D3823,
ThermoFisher, USA) and incubated for 10 minutes. The jejunum was
then collected for either immunohistology analysis or Western blot
testing.

5.12. Lipid absorption in human intestine

Human proximal jejunum samples were obtained from patients un-
dergoing bariatric surgery. One-centimeter length of jejunal segments
were taken from the intestine located 50 cm distal to the ligament of
Treitz. The specimens were incubated for 10 minutes with various
compounds, including Escherichia coli (E.Coli), Akk, PBS, Bodipy-C12,
and combinations of Bodipy-C12 with Akk, metformin, or compound
C. The specimens were processed post-incubation for immunohistology
and the villi were isolated for Western blot analysis. Informed consent
for sample donation was obtained, and all procedures involving human
tissue were authorized by the Institutional Review Board (IRB) of the
First Affiliated Hospital of Jinan University (KY-2023-229).

5.13. Statistical methods

Statistical analyses were conducted using Prism 9 software (Graph-
Pad Software, San Diego, CA) or Microsoft Excel. An unpaired Student’s
t-test was used to compare two distinct groups. For comparisons
involving three or more groups, one-way analysis of variance (ANOVA)
was employed, followed by Fisher’s Least Significant Difference test for
post-hoc multiple comparisons. A p-value of less than 0.05 was consid-
ered statistically significant. Results were presented as mean + standard
deviation. For the quantification of immunofluorescence, Western blot
band intensities, and Oil Red O staining, Image J software was used.
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