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Abstract

Lipocalin 2 (Lcn2), as an anti-microbial peptide is expressed in intestine, and the upregulation of
intestinal Lcn2 has been linked to inflammatory bowel disease. However, the role of Lcn2 in
shaping gut microbiota during diet-induced obesity (DIO) remains unknown. We found that short-
term high fat diet (HFD) feeding strongly stimulates intestinal Lcn2 expression and secretion into
the gut lumen. As the HFD feeding prolongs, fecal Lcn2 levels turn to decrease. Len2 deficiency
accelerates the development of HFD-induced intestinal inflammation and microbiota dysbiosis.
Moreover, Lcn2 deficiency leads to the remodeling of microbiota-derived metabolome, including
decreased production of short-chain fatty acids (SCFAs) and SCFA-producing microbes. Most
importantly, we have identified Lcn2-targeted bacteria and microbiota-derived metabolites that
potentially play roles in DIO and metabolic dysregulation. Correlation analyses suggest that Lcn2-
targeted Dubosiella and Angelakisella have a novel role in regulating SCFAs production and
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obesity. Our results provide a novel mechanism involving Lcn2 as an anti-microbial host factor in
the control of gut microbiota symbiosis during DIO.

lipocalin 2; gut microbiota; inflammation; obesity

Introduction

Gut microbiota functions as a key organ in regulating host metabolism and inflammation by
producing bacterial metabolites and microbial-associated molecular patterns such as
lipopolysaccharide (LPS). Bacterial metabolites have both a beneficial and detrimental
impact on host physiology. For example, short-chain fatty acids (SCFAS) derived from
indigestible fibers generally have anti-obesity and anti-diabetic properties [1-3], whereas
circulating levels of branched-chain amino acids known to be affected by gut microbiota are
associated with insulin resistance [4].

Obesity has been associated with chronic low-grade inflammation in multiple tissues
including the bowel [5, 6]. Colonization of germ-free mice with “obese microbiota” results
in an increase in body fat, confirming the role of gut microbiota in the pathogenesis of
obesity [7]. However, how host factors contribute to the development of gut microbiota
dysbiosis in diet-induced obesity (DIO) is unclear.

Lipocalin 2 (Lcn2) has been implicated in innate immunity. Mice lacking Lcn2 have
increased susceptibility to bacterial infection and sepsis [8, 9]. In addition, Lcn2 has been
shown to play an important role in metabolic inflammation in obesity and metabolic
diseases. Our previous studies have demonstrated that Lcn2 expression was dramatically
increased in adipose tissue of diet-induced obese mice [10]. Lcn2 deficiency exacerbates
high fat diet (HFD)-induced adipose tissue inflammation and insulin resistance, as well as
impairs adaptive thermogenesis [11, 12]. We also reported that Lcn2 overexpression in
adipose tissue is beneficial for the maintenance of metabolic health during aging [13].

Lcn2 can be produced by epithelial and myeloid cells in the gut [14]. At the molecular level,
Lcn2 has a typical p-barrel structure that encircles a central binding grove [15]. This
structure allows Lcn2 to be capable of binding small molecules including siderophores and
to act as an anti-microbial peptide. Siderophores are required for bacteria to acquire iron for
growth. Due to its capability to capture enterobactin-type siderophores, Lcn2 is able to
suppress the growth of siderophore-dependent bacteria mainly pathogenic bacteria
belonging to the phylum of Proteobacteria, such as Escherichia coli[16]. Increasing
evidence indicates that Lcn2 is involved in the pathogenesis of inflammatory bowel disease
(IBD) and intestinal inflammation [17, 18]. Lcn2 deficiency confers thrives of enterobactin-
producing bacteria in the inflamed gut [19]. Moreover, a specific bacterial species Alistjpes
spp. has been identified to be increased in colitis developed in Lcn2 and IL-10 double
knockout mice [20], suggesting a role of Lcn2 in shaping gut microbiota during
inflammation. However, little is known about the role Lcn2 plays in obesity-associated
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microbiota dysbiosis. In this study, we investigated the role of Lcn2 as an anti-microbial
factor in the control of gut microbial structure in HFD-induced obesity.

We report for the first time that long-term HFD feeding disrupts the secretion of Lcn2
leading to decreased fecal Lcn2 levels. Len2 deficiency alters microbial structure and
reprograms microbial metabolism. Additionally, we identify novel bacteria that are
specifically regulated by Lcn2 and potentially contribute to the pathogenesis of obesity and
metabolic dysregulation.

Materials and Methods

Animals.

C57BL/6J mice were purchased from Jackson Laboratory (Bar Harbor, ME). Wild-type
(WT) and global Lcn2 knockout (LKO) mice were maintained on a C57BL/6J background
by heterozygous breeding scheme, as previously described [8]. Animals were housed with a
12-h light-dark cycle in a specific pathogen-free facility at the University of Minnesota.
Male mice were weaned at the age of 4 weeks, followed by a regular chow diet (RCD) for 4
weeks to allow them to shape RCD-fed gut microbiota. At the age of 8 weeks, male mice
were fed with a HFD containing fat calories: 60% lard (https://www.bio-serv.com/product/
HFPellets.html) (Bio-Serv F3282, New Brunswich, NJ) for 2, 4, 8, 12, and 16 weeks. Age-
matched (+ 1 week) male mice were separately housed by genotype (2—-3 mice/cage). After
mice were sacrificed, gut tissues including small intestine (duodenum: 5-7cm from stomach,
jejunum: 15 cm following duodenum, ileum:; 10cm from cecum), cecum, and colon were
collected, cleaned and washed with PBS, and snap-frozen in liquid nitrogen, followed by
—-80°C storage until homogenization. All the animal studies were approved by IACUC of
University of Minnesota. Animal handling followed the National Institutes of Health
guidelines.

Lipopolysaccharide Injection in Mice.

RCD-fed male C57BL/6 mice at the age of 12 weeks received intraperitoneal injection of
lipopolysaccharide (LPS) at the dose of 0.3 mg/kg. Mice were then sacrificed after 3 hour(s)
of LPS treatment. Colon tissues were collected for Lcn2 immunohistochemistry.

Isolation of Bacterial DNA and 16S rRNA Sequencing.

Stool samples were freshly collected from individual mouse (directly from the anus), snap-
frozen in liquid nitrogen, and stored at —80°C until use. Total fecal DNA was extracted using
a DNA stool mini kit (QIAGEN). Bacterial 16S rRNA were amplified using primers (515F
and 806R) for the V4 region. After quantification, the PCR products were sequenced using
the paired-end 300 bp with Illumina MiSeq platform at the University of Minnesota
Genomics Center. The detailed bioinformatics analyses of 16S rRNA Sequencing are
described in Supplemental Materials.

Relative Quantitative RT-PCR.

Total RNA was extracted from tissues using TRIzol (Invitrogen). cDNA was synthesized
using High Capacity cDNA RT kit (ThermoFisher Scientific), followed by quantitative PCR
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using PowerUP™ SYBR™ Green Master Mix (ThermoFisher Scientific). The mRNA levels
were determined by StepOne Real-Time PCR system (Applied Biosystem) using AACt
method for calculating the results. TATA box binding protein 2 was used as the internal
reference gene. Primer sequences were shown in Supplementary Table 1.

Western Blotting.

Gut tissues, including small intestine (duodedum, jejunum, ileum), cecum, and colon were
homogenized and lysed using RIPA buffer (Sigma-Aldrich) supplemented with protease
inhibitors. Protein concentrations were measured using the bicinchoninic acid method. Equal
amounts of proteins were loaded and separated on 10% SDS-PAGE, transferred to a
nitrocellulose membrane and immunoblotted with indicated antibodies. Blots were
visualized by enhanced chemiluminescence (ThermoFisher Scientific). Antibodies used in
this study were anti-Lcn2 (R&D System), anti-NFxB (Santa Cruz), anti-phospho-NF«xB and
anti-p-actin (Cell Signaling Technology).

Quantification of Fecal Lcn2 by ELISA.

Fecal samples were homogenized following a protocol previously described [18]. Briefly,
frozen stool samples were reconstituted in 10 volumes [v(ul)/w(mg)] of PBS containing
0.1% Tween 20 and protease inhibitors. After 10 min centrifugation at 12,000 rpm under
4°C, the supernatants were collected for the measurement of Lcn2 levels using mouse
NGAL ELISA kit (BioLegend).

Metabolomics Analysis of Fecal Contents.

Fecal samples were prepared and derivatized with 2-hydrazinoquinoline (HQ) for detecting
fatty acids or with dansyl chloride (DC) for detecting amino acids prior to the LC-MS
analysis as previously described [21]. The supernatants derived from either HQ or DC
reaction were subjected to LC-MS analysis using an Acquity ultra-performance liquid
chromatography (UPLC) system (Waters, Milford, MA, USA). MassLynx™ and SIMAC-P
+™ software (Waters, Milford, MA, USA) were used for mass chromatograms and mass
spectral data acquisition and procession.

Histology and Immunohistochemistry.

Gut tissues were fixed in 10% neutral buffered formalin overnight and then transferred into
70% ethanol. Paraffin embedding and hematoxylin & eosin staining were performed
following a standard procedure. Immunohistochemistry (IHC) was carried out using
VECTASTAIN Elite ABC-HRP Kit (ThermoFisher Scientific) and ImmPACT DAB
Peroxidase substrate Kit (ThermoFisher Scientific) following the manufacturer’s instruction.
Antibodies used for IHC include Anti-CD11c (Cell Signaling Technology) and Anti-Lcn2
(ThermoFisher Scientific).

Statistical Analysis.

All results are shown as mean + SEM. All data were assessed for homogeneity of variance
by Levene’s test or by boxplots for visual examination. The normality of data was assessed
by Shapiro-Wilk test or by plotting with the ggnorm function in R environment (version
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4.0.0). For normally distributed data with equal variance, the differences between groups
were determined using one-way or two-way ANOVA followed by post-hoc Tukey’s test, or
two-tailed unpaired Student’s t-test. Data were analyzed by repeated measures ANOVA
when satisfying sphericity by Mauchly’s test. Accordingly, non-normally distributed
longitudinal data violating the assumption of homogeneity of variance were analyzed by a
linear quantile mixed model (LQMM) modelling medians. The R package Ilgmm (version
1.5.5) was applied to perform LQMM using the lgmm function with the following settings:
fixed=variable ~ Diet*Genotype, random=~1, group=subject, tau=0.5. P-values obtained
from all the comparisons were adjusted to g-values using the qvalue package (version
2.16.0) via a false discovery rate (FDR)-based multiple testing correction procedure. The ¢
values less than 0.05 were considered as statistical significance. Data used for correlation
analysis are non-normally distributed with unequal variance, and thus Spearman’s
correlation analysis was selected to evaluate the correlations. P-values of multiple
comparison were corrected by the Benjamini-Hochberg method (Figure 6 and
Supplementary Figure 7A). An adjusted P-value of less than 0.05 was considered
statistically significant. All tests were two-tailed. Heatmaps were plotted using the pheatmap
package (version 1.0.12) with row scaling. Hierarchical clustering using Euclidean distance
and complete linkage was performed using the pheatmap function. All above statistics tests
were performed using R (version 4.0.0).

Results

HFD feeding regulates Lcn2 expression in gut tissues and secretion into gut lumen.

We showed that Lcn2 protein levels were significantly increased in ileum, colon, and cecum
of normal C57BL/6J male mice by 12 weeks of HFD feeding (Fig. 1A-D), whereas fecal
Lcn2 levels were significantly decreased compared to RCD-fed mice (Fig. 1E). To determine
the effect of a short-term HFD feeding on Lcn2 expression and secretion, mice were fed a
HFD for 2 and 4 weeks, respectively. Interestingly, fecal Lcn2 levels were significantly
elevated upon 2 weeks of HFD challenge, and then turn to decline after 4 weeks of HFD
(Fig. 1F). Similarly, Lcn2 protein levels in colonic tissue were markedly increased in
response to 2 weeks of HFD, but decreased after 4 weeks of HFD consumption
(Supplementary Fig. 1A-1B). Additionally, the levels of phosphorylated NFkB were
increased in the colon from mice fed a HFD for both 2 and 4 weeks (Supplementary Fig.
1A-1B), suggesting an inflammatory state in the gut tissues. Next, we performed
immunohistology for the distribution of Lcn2 in the gut. Mice were treated for 3 hours with
LPS, a potent stimulus of Lcn2 expression in multiple types of cells [10, 22-25]. We found
that Lcn2 was dramatically induced by LPS in the gut, and Lcn2 positive staining was
observed in colonic epithelial cells as well as innate immune cells (Supplementary Fig. 1C).

Lcn2 deficiency reduces gut microbial diversity during a short-term HFD feeding.

To examine the role of Lcn2 in shaping gut microbiota during DIO, we performed a time-
course of HFD feeding on wild-type (WT) and Lcn2 knockout (LKO) mice. Microbial
diversity, the richness (Chaol) reflecting the number of bacterial species, was significantly
increased at 4 weeks of HFD in WT mice (Fig. 2A). However, this time-dependent change
was not observed in LKO mice (Fig. 2A). Simpson which demonstrates both the richness
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and evenness of bacteria was comparable between WT and LKO mice upon the HFD
consumption. (Fig. 2A). Principal coordinate analysis (the Unweighted Unifrac) showed that
the structure of gut microbial community was completely reshaped by the HFD feeding at
all-time points, suggesting the effectiveness of dietary treatment (Fig. 2B). Importantly, an
overall microbiota composition was different between WT and LKO mice when all time
points were included for the analysis (Fig. 2B). Next, we explored the time-dependent effect
of Lcn2 deficiency on HFD-induced reshaping of gut microbiota. As expected, the gut
microbial community between WT and LKO mice was not significantly different prior to a
HFD (Fig. 2C). The dissimilarity of gut microbial community between WT and LKO mice
was observed at 2, 4, and 8 weeks of HFD feeding (Fig. 2C). Interestingly, after 16 weeks of
HFD, the difference in gut microbiota composition disappeared (Fig. 2C). These findings
suggest that Lcn2 has a protective role against the development of gut microbial dysbiosis
during the early stage of DIO.

Lcn2 deficiency reshapes diet-induced gut microbiota composition in a time-dependent

manner.

The taxonomic diversity analysis showed that the ratio of Firmicutes to Bacteroidetes (F/B)
was increased in both WT and LKO mice upon the challenge of the short-term HFD feeding
(Fig.3A and 3B). Strikingly, the F/B ratio was significantly higher in LKO mice than WT
mice by 4 and 8 weeks of HFD (Fig. 3A and 3B). Moreover, the abundance of
Actinobacteria, one of the four major phyla enriched in obese individuals [26-28] was
significantly increased in LKO mice compared to WT controls upon 8 and 16 weeks of HFD
(Fig. 3C). The abundance of Tenericutes, another phylum member was similar between WT
and LKO mice during the entire period of HFD challenge (Fig. 3C).

At the bacterial family level (Fig. 3D), Erysipeotrichaceae which is higher in obesity [28],
was increased by the HFD feeding in both WT and LKO mice, but not different between two
genotypes (Fig. 3D). Muribaculaceae is positively correlated with the levels of short-chain
fatty acids (SCFAS) - propionate [29], and its abundance was significantly decreased in both
WT and LKO mice starting from 2 weeks of HFD feeding (Fig. 3D). Ruminococcaceae
known to be associated with obesity and diabetes [30] was enriched in LKO mice compared
to WT mice fed a HFD for 8 weeks (Fig.3D). Rikenellaceae has been reported as a
protective bacterium in dextran sulfate sodium (DSS)-induced colitis [31]. Moreover,
Rikenellaceae and its genus Rikenellaceae_ RC9 are SCFA producers, which are beneficial
for metabolic health. [32-34]. Interestingly, the abundances of Rikenellaceae and
Rikenellaceae_RC9 were significantly lower in LKO mice compared to WT controls during
the short-term HFD consumption (Fig. 3D and Supplementary Fig. 2A). Taken together,
these data suggest that Lcn2 deficiency-associated gut microbiota dysbiosis is dependent on
HFD treatment.

Next, a generalized linear model with host genotypes as fixed effect [35] was used to
identify Lcn2-targeted bacteria at the genus level. While the abundances of 21 bacteria were
significantly increased (Fig. 4A), 24 bacteria were significantly decreased (Fig. 4B) in LKO
mice. Specifically, Dorea, Cuneatibacter, and Acetanaerobacterium thrived in LKO mice at 2
weeks of HFD challenge (Fig. 4A). The abundances of Angelakisella, Harryflintia, and
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Intestinimonas were significantly increased in LKO mice during the entire period of HFD
consumption (Fig. 4A and Supplementary Fig. 2A). Notably, Dubosiella which belongs to
the family Erysipelotrichaceae, thrived in LKO mice under both the RCD and 2-week HFD-
fed conditions (Fig. 4A and Supplementary Fig. 2B), indicating that the growth of
Dubosiella is regulated by both gene and diet. More strikingly, the abundances of several
SCFA-producing bacteria including Butyriccoccus, ASF (altered Schaedler flora) 356,
Ruminococcus_1 and Lachnospiraceae were decreased in LKO mice during the HFD
feeding (Fig. 4B). Interestingly, a group of bacteria including Romboutsia, Shuttleworthia,
XBB1006, Candidatus Stoquelichus, Streptococcus, Anaerovorax, and Candidatus
Soleaferrea thrived only in WT but not LKO mice upon the HFD challenge (Fig. 4B).

Lastly, the generalized linear model on amplicon sequence variants (ASV) analysis showed
that WT and LKO mice had similar ASV distribution pattern under the RCD-fed condition
(Supplementary Fig. 3). A completely different ASV distribution pattern between WT and
LKO mice was observed after a dietary switch from RCD to HFD (Supplementary Fig 3).
We identified 121 ASVs increased while 66 decreased in LKO mice compared to WT mice
(Supplementary Fig. 3). A functional analysis on 16S rRNA sequencing by searching against
the Piphillin and KEGG pathway database indicate that Lcn2 deficiency alters microbial
functions in lipid (Supplementary Fig. 4A and 4B) and amino acid (Supplementary Fig. 4C)
metabolism.

Lcn2 deficiency alters HFD-induced remodeling of microbial metabolites.

Using the LC-MS-based metabolomics analysis, we profiled fecal metabolites. The PCA
model showed that WT and LKO mice had a similar profile of fecal metabolites under the
RCD-fed condition (Fig. 5A). As expected, HFD feeding caused shifts of fecal metabolites
in both WT and LKO mice when compared with RCD (Fig. 5A). Intriguingly, HFD feeding
induced a clear time-dependent shift of fecal metabolites in WT mice, whereas this time-
dependent effect of HFD was completely diminished in LKO mice. Specifically, 4 weeks of
HFD was sufficient to shift fecal metabolites to a similar extent to that induced by 16 weeks
in LKO mice (Fig. 5A). Therefore, a significant difference in the overall profile of fecal
metabolites between WT and LKO mice occurred upon 4 weeks but not 16 weeks of HFD
feeding (Fig. 5A). This suggests that Lcn2 deficiency accelerates the detrimental effect of
HFD on reshaping of gut microbiota.

SCFAs including acetic acid, propionic acid and butyric acid, the main end products of
colonic fermentation have been implicated in energy metabolism. The LC-MS analysis
showed that all three SCFASs were significantly decreased in both WT and LKO mice upon 4
and 16 weeks of HFD challenge (Fig. 5B). Strikingly, the SCFAs levels were more
profoundly decreased in LKO mice compared to WT mice primarily upon 4 weeks of HFD
feeding (Fig. 5B). Additionally, the fecal concentrations of medium-chain fatty acids
(caproic acid, caprylic acid, capric acid, and lauric acid) and two long-chain fatty acids
(palmitic acid and oleic acid) were significantly higher, whereas myristic acid and
palmitoleic acids were significantly lower in LKO mice compared to WT mice upon 4 weeks
of HFD feeding (Supplementary Fig. 5).
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The assessments of fecal amino acids revealed that the concentrations of glutamic acid,
aspartic acid and lysine were significantly increased in LKO mice versus WT mice only
after 16 weeks of HFD feeding (Fig. 5C). Additionally, the levels of branched-chain amino
acids, citrulline, Threonine, ornithine and tryptophine (Supplementary Fig. 6) had a trend
towards an increase in LKO mice 16 weeks after HFD feeding.

Identification of specific gut bacteria that potentially contribute to obesity-related
metabolic phenotype in LKO mice.

In consistent with our previous study [11], LKO mice showed an increase in body weight
(Supplementary Fig. 7A). We performed Spearman’s correlation analyses of body weight
with either fecal metabolites or genus bacteria to identify the bacteria and metabolites with
strong associations with body weight. Of all fecal metabolites measured, 14 showed
significant correlations with body weight, including 6 amino acids (positive correlation), 3
SCFAs (negative correlation), 3 MCFAs and 2 LCFAs (positive correlation) (Fig. 6). Of all
bacteria, 18 bacteria had significant positive association and 18 negative association with
body weight. We then conducted second Spearman’s correlation analyses between the
above-identified 14 fecal metabolites and 36 genus bacteria that have strong correlations
with body weight. More interestingly, among those 14 identified metabolites, the
abundances of SCFAs were significantly decreased (Fig. 5B), while the metabolites MCFAs,
palmitic acid and aspartic acid were significantly increased in HFD-fed LKO mice compared
to WT mice (Supplemental Fig. 5 and Fig. 5C). Additionally, of those 36 genus bacteria,
four had either significantly increased abundance (Dubosiella and Angelakisella) or
decreased abundance (Ruminococcus_1 and Caproiciproducens) in HFD-fed LKO mice
(Fig. 4 and Fig. 6), suggesting a specific role of these 4 bacteria in the obesity-related
metabolic phenotype in LKO mice through regulating microbial metabolites (Supplemental
Fig. 7B)

Lcn2 deficiency promotes intestinal inflammation during a short-term HFD feeding.

The time-course of HFD-induced intestinal inflammation showed that the mRNA expression
of inflammatory marker IFN-y was significantly upregulated in the colon of LKO mice
compared to that of WT mice at 2 and 4 weeks of HFD challenge (Supplemental Fig. 8E),
which is supported by increased colonic levels of phosphorylated NFxB in LKO mice upon
2 weeks (Fig. 7A-7B) but not 16 weeks of HFD feeding (Supplementary Fig. 8A-D). There
was no significant difference in the mRNA expression levels of /L-6, /L-1B, IL-17and anti-
inflammatory cytokines (IL-10 and Argl), as well as genes involved in the regulation of gut
barrier function between WT and LKO mice (Supplementary Fig. 8E-8G). Although the
overall intestinal architecture was comparable between WT and LKO mice (Fig. 7C), the
colon from LKO mice harbored more CD11c* cells than that from WT mice after 2 weeks of
HFD (Fig. 7D-7E). Our data suggests that Lcn2 deficiency alters intestinal inflammation
only during a short-term (2-week) HFD. As the progression of HFD feeding, the impact of
Lcn2 deficiency on intestinal inflammation became less evident (Supplementary Fig. 8).
However, the effect of Lcn2 deficiency on microbiota composition, dysbiosis, and microbial
metabolites persists during all time points of HFD feeding. Taken together, our results
suggest that Lcn2 regulates gut microbiota composition possibly through a direct mechanism
of controlling the growth of certain bacteria during the development of DIO.
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Discussion

Lcn2 has been shown to play a protective role against intestinal inflammation and
microbiota dysbiosis in an IL-10 KO mouse model of colitis [20]. However, little is known
about the role of Lcn2 in gut microbiota during diet-induced obesity. We found that Lcn2
production in the gut is strongly induced during the early stage of HFD-induced obesity.
While Lcn2 expression levels in the gut tissues consistently increase, fecal Lcn2
concentrations reduce substantially with the prolonged HFD consumption. It is possible that
the long-term HFD consumption impairs the secretion of Lcn2 into the gut lumen and
disrupts the protective effect of Lcn2 on the intestinal homeostasis of microbiota and
inflammation.

The evidence of increased cytokine expression, NFxB activation, and infiltration of innate
immune cells in the colon of LKO mice after 2 weeks of HFD suggests that the early
induction of intestinal Lcn2 by HFD has a protective role against the development of HFD-
induced inflammation. Moreover, Lcn2 deficiency alters the effect of short-term HFD on gut
microbiota composition, specifically the increased abundances of Dubosiella belonging to
family Erysipelotrichaceae [36], Angelakisella belonging to family Ruminococcaceae [37],
and Dorea linked with gut inflammation [38]. Interestingly, decreased gut microbial
diversity and increased F/B ratio in LKO mice are observed primarily at 4 and 8 weeks of
HFD consumption when fecal Lcn2 levels began to decline. This suggests that the temporary
increase in fecal Lcn2 levels at 2 weeks of HFD is beneficial for preventing the development
of gut microbiota dysbiosis.

Gut microbiota composition is reshaped in obese individuals [7, 26, 27, 39], which is
characterized by dysbiosis, a decrease in microbiota diversity. In our time-course studies of
HFD feeding, there was a dynamic change in gut microbiota. For example, the microbial
diversity undergoes an increase at the early stage of DIO, followed by a slight decline. This
phenomenon correlates with the dynamic alterations in fecal Lcn2 concentrations in WT
mice. Interestingly, this time-dependent change of gut microbiota disappeared in LKO mice,
supporting a protective role of Lcn2 against HFD-induced microbial dysbiosis. The
dissimilarity of gut microbial structure between WT and LKO mice becomes small after 16
weeks of HFD challenge, which could be associated with the disappearance of the difference
in the fecal Lcn2 levels between the two genotypes. Nevertheless, the difference in specific
compositional features of bacteria remains. For example, LKO mice display increased
phylum Actinobacteria and genre Angelakisella. Increased Actinobacteria has been related
to gut bacterial changes in obesity [27, 40].

Similar to the disappearance of the dissimilarity in gut microbiota composition between WT
and LKO mice, the difference in microbiota-derived metabolites disappears after 16 weeks
of HFD. Indeed, the food intake is comparable between WT and LKO as described in our
previous publication [11], and thus the changes in fecal metabolites could be largely
explained by gut microbial alterations, instead of food intake. LKO mice have significantly
lower levels of fecal SCFAs than WT mice after a short-term HFD feeding, which could be
explained by a reduction in SCFA-producing bacteria such as Rikenellaceae [33] and
Ruminococcus_1 [41]. Our Spearman’s correlation analyses indicate that the fecal levels of
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all three SCFAs are negatively associated with body weight, supporting the conclusion that
decreased abundance of SCFA-producing bacteria potentially contributes in part to the
metabolic phenotype of LKO mice. Additionally, there is a significant difference between
WT and LKO mice in the fecal levels of glutamic acid, aspartic acids and lysine after a long-
term HFD feeding. Since the fecal amino acid pool is determined by multiple factors
including diets, gut bacteria metabolism, turnover of colonic cells and intestinal absorption,
the pathological functions of increased amino acids in LKO mice need to be further
understood.

Lcn2 plays a role in controlling the growth of siderophore-dependent bacteria by
sequestering iron availability in a systemic bacterial infection scenario [8]. However, it is
unclear how Lcn2 regulates the growth of specific gut microbes. Previous studies have
demonstrated that Lcn2 specifically controls the expansion of Alistipes spp in /L1077~ colitis
mouse model [20]. In HFD-induced obesity, the abundance of Alistipes is not altered in
LKO mice. Further, Dubosiella that has been recently identified as a novel member of the
family Erysipeotrichaceae [28, 36] thrives particularly in the gut of HFD-fed obese LKO
mice. From our correlation analyses, the expansion of Dubosiella and Angelakisella has a
positive correlation with body weight but a negative correlation with fecal SCFAs,
suggesting that these bacteria have a novel role in obesity-related microbial dysbiosis.
Moreover, Lcn2 deficiency inhibits the growth of SCFA-producing bacteria such as
Rikenellaceae [33] and Ruminococcus_1 [41]. All of the above-mentioned changes in gut
microbiota could be linked to the decreased levels of fecal SCFAs in LKO mice and explain
part of the mechanisms for the metabolic phenotype of LKO mice.

We found that Lcn2 deficiency exacerbates HFD-induced microbiota dysbiosis and
alterations in microbial metabolites after 4 and 16 weeks of HFD without significantly
worsening intestinal inflammation. For instance, the exacerbated intestinal inflammation, as
evidenced by the increased number of CD11c* cells, occurs in LKO mice upon 2 but not 4
weeks of HFD feeding, whereas the Dubosiella expansion was observed in LKO mice at 4
weeks of HFD. More interestingly, the genotypic difference in the abundance of specific gut
microbes persists until 16 weeks of HFD feeding. These findings suggest that intestinal
inflammation occurs in parallel with microbiota dysbiosis in LKO mice, and Lcn2 controls
microbiota symbiosis through a direct mechanism.

In summary, we have identified Lcn2-targeted bacteria and microbial metabolites that may
play roles in DIO and metabolic dysfunction. Our data indicate that during the early stage of
DIO, the host defends against HFD-induced microbial dysbiosis by increasing Lcn2 levels in
the gut lumen to maintain gut microbiota symbiosis (Supplemental Fig. 9). Loss of Lcn2
accelerates and exacerbates the development of HFD-induced microbial dysbiosis by
thriving Dubosiella and Angelakisella, suppressing the growth of SCFA-producing bacteria,
as well as altering other 41 Lcn2-targted bacteria (Supplemental Fig. 9). However, the long-
term HFD consumption disrupts the defensive mechanism of Lcn2 by reducing Len2 levels
in the gut lumen (Supplemental Fig. 9). Due to the loss of this Lcn2 defensive system,
microbiota dysbiosis develops, thereby accelerating the development of obesity and
metabolic dysregulation.
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Figure 1: Regulation of L cn2 expression and secretion in the gut by HFD feeding.
(A-E) Male mice were fed either a RCD or a HFD for 12 weeks and euthanized at the age of

20 weeks. Small intestines (A-B) and large intestines (C-D) were collected and
homogenized in RIPA buffer. Lcn2 protein levels were determined by western blotting (A
and C) and quantified by ImageJ (B and D). (E-F) Fecal Lcn2 levels were assessed using an
ELISA kit. Data are presented as mean = SEM. (B, D and E). Data was analyzed using a
two-tailed unpaired student t-test (B, D, and E) or one-way ANOVA with the Tukey HSD
post hoc test (F).n=4 (B); n=3(D); n=5(E); n=8 (F). * < 0.05, ** P<0.01.
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Figure 2: HFD-induced reshaping of gut microbiotain LKO mice.
Male WT mice (n =9, 3 cages) and LKO mice (n =7, 3 cages) were fed a HFD starting at

the age of 8 weeks. Fecal samples were collected at 0 (RCD), 2, 4, 8 and 16 weeks of HFD
feeding. (A) Alpha diversity metrics: Chaol and Simpson were shown to demonstrate the
richness and evenness of gut microbiota communities. (B-C) Beta diversity (unweighted
unifrac) indicates the dissimilarity for all-time points (B), the genotypic difference at each
time point (C). Data Analysis: (A) Chaol: Repeated measures ANOVA for WT and LKO,
followed by the post hoc test Tukey’s; Simpson: linear quantile mixed model, followed by a
FDR-based multiple testing correction procedure. At all time points, n =9 for WT; n = 7 for
LKO. # P< 0.05 versus RCD-fed WT.
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Figure 3: HFD-induced reshaping of gut microbiotain LKO mice.
(A and C) Distribution of bacteria at the phylum level, (B) The ratio of Firmicutes to

Bacteroidetes (F/B), and (D) Distribution of bacteria at the major families between WT and
LKO mice fed a HFD at all different time points. Data are presented as mean (A, C and D)
or as mean + SEM (B). Data was analyzed using a linear quantile mixed model, followed by
a FDR-based multiple testing correction procedure. At all time points, n=9 for WT; n=7
for LKO. * ¢'< 0.05 versus WT mice at indicated time point. # g < 0.05, # g < 0.01 versus
RCD-fed WT. * ¢< 0.05, ** ¢<0.01, *** g<0.001, versus RCD-fed LKO mice.
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Figure 4: | dentification of differentially abundant bacteria between WT and LKO mice.
Shown are hierarchal clustering analysis (HCA)-based heatmaps on differentially abundant

microbes at the genus level between WT (n = 9) and LKO (n = 7) mice based on a negative
binomial generalized linear model. The bacteria with significantly increased (A) and
decreased (B) abundances in LKO mice. g value < 0.05 and log2 scale fold change > 1 are
the criteria to determine the significance. n =9 for WT; n = 7 for LKO.
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Figure 5: Remodeling of fecal metabolitesin LKO mice during HFD consumption.
Stool samples from WT and LKO mice fed a HFD for 0, 4, and 16 weeks were homogenized

in 50% ACN. (A) Data from LC-MS analyses of fecal extracts were processed by principal
component analysis (PCA) modeling. Shown is the scores plot of a PCA model on the
metabolites in fecal extracts. (B-C) Supernatants were collected either for HQ reaction to
detect SCFAs (B) or for DC reaction to detect amino acids (C). Data are presented as mean
+ SEM and analyzed using a linear quantile mixed model, followed by a FDR-based
multiple testing correction procedure. At all time points, n =9 for WT; n =7 for LKO. * g <
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0.05 versus WT mice at indicated time point. # g< 0.05, # g < 0.01, ## g< 0.001 versus
RCD-fed WT. * ¢< 0.05, ** ¢<0.01, *** g < 0.001 versus RCD-fed LKO mice.
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Figure 6: Correlation of body weight with microbes and metabolites.
The correlations between body weight, bacteria and metabolites were evaluated by

Spearman’s correlation analyses. P-values were corrected by the Benjamini-Hochberg
method. £< 0.05 is considered to be significantly associated. Body weight was signifi
associated with 14 fecal metabolites, including 3 short-chain fatty acids (negatively in

cantly
dark

green bar), 5 medium/long-chain fatty acids and 6 amino acids (positively in dark red bar),

as well as significantly associated with 36 bacteria at the genus level (18 negatively in
green bar, 18 positively in dark red bar). HCA-based heatmap showed the correlation

dark

between the selected fecal metabolites and microbes. Based on the values of Spearman’s
rho, Red tiles indicate positive associations and blue tiles negative associations; gray tiles
indicate non-significant associations (£> 0.05). Bacteria and metabolites labeled by red
rectangle were significantly increased in LKO mice, while those labeled by green were

decreased in LKO.
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Figure 7: Time-dependent effect of HFD on intestinal inflammation in LKO mice.
(A-B) Colon tissues were collected from male WT and LKO mice fed a HFD for 2 weeks

for the examination of phosphor (S536)-NFxB and total NFxB levels by western blotting
(A) and quantified by ImageJ (B). (C) H&E staining of colon from RCD-fed or HFD-fed
male WT and LKO mice. Scale bars = 200 um, x 200. (D-E) Immunohistochemistry of
CD11c on paraffin-embedded colon sections from RCD-fed, 2-week HFD-fed, 4-week
HFD-fed WT and LKO male mice. (D) Representative images of CD11c stained colon
sections, scale bars = 50 um, x200. (E) Results were quantified by counting the number of
CD11c™ cells and measuring the mucosal length. Data are presented as mean + SEM. Data
was analyzed by a two-tailed unpaired student t-test (B) or 2-way ANOVA with the post hoc
test Tukey’s; the genotype and diet interaction P-value < 0.001 (E). n = 5 for both WT and
LKO on RCD and 2-week HFD; n = 6 for both WT and LKO on 4-week HFD; n =9 for WT
and n = 7 for LKO on 16-week HFD. * P< 0.05, ** P< 0.01 versus WT mice. # £< 0.05,
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## P< 0.001 versus RCD-fed WT. * P< 0.05, 7+ P< 0.01, *** P< 0.001 versus RCD-fed
LKO mice.
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