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ABSTRACT Staphylococcus aureus is an opportunistic pathogen causing osteomyelitis
through hematogenous seeding or contamination of implants and open wounds follow-
ing orthopedic surgeries. The severity of S. aureus-mediated osteomyelitis is enhanced in
obesity-related type 2 diabetes (obesity/T2D) due to chronic inflammation impairing both
adaptive and innate immunity. Obesity-induced inflammation is linked to gut dysbiosis,
with modification of the gut microbiota by high-fiber diets leading to a reduction in the
symptoms and complications of obesity/T2D. However, our understanding of the mecha-
nisms by which modifications of the gut microbiota alter host infection responses is lim-
ited. To address this gap, we monitored tibial S. aureus infections in obese/T2D mice
treated with the inulin-like fructan fiber oligofructose. Treatment with oligofructose signifi-
cantly decreased S. aureus colonization and lowered proinflammatory signaling postinfec-
tion in obese/T2D mice, as observed by decreased circulating inflammatory cytokines
(tumor necrosis factor-a [TNF-a]) and chemokines (interferon-g-induced protein 10 kDa
[IP-10], keratinocyte-derived chemokine [KC], monokine induced by interferon-g [MIG],
monocyte chemoattractant protein-1 [MCP-1], and regulated upon activation, normal T
cell expressed and presumably secreted [RANTES]), indicating partial reduction in inflam-
mation. Oligofructose markedly shifted diversity in the gut microbiota of obese/T2D mice,
with notable increases in the anti-inflammatory bacterium Bifidobacterium pseudolongum.
Analysis of the cecum and plasma metabolome suggested that polyamine production
was increased, specifically spermine and spermidine. Oral administration of these poly-
amines to obese/T2D mice resulted in reduced infection severity similar to oligofructose
supplementation, suggesting that polyamines can mediate the beneficial effects of fiber
on osteomyelitis severity. These results demonstrate the contribution of gut microbiota
metabolites to the control of bacterial infections distal to the gut and polyamines as an
adjunct therapeutic for osteomyelitis in obesity/T2D.

IMPORTANCE Individuals with obesity-related type 2 diabetes (obesity/T2D) are at a five
times increased risk for invasive Staphylococcus aureus osteomyelitis (bone infection) fol-
lowing orthopedic surgeries. With increasing antibiotic resistance and limited discoveries
of novel antibiotics, it is imperative that we explore other avenues for therapeutics. In this
study, we demonstrated that the dietary fiber oligofructose markedly reduced osteomyeli-
tis severity and hyperinflammation following acute prosthetic joint infections in obese/
T2D mice. Reduced infection severity was associated with changes in gut microbiota com-
position and metabolism, as indicated by increased production of natural polyamines in
the gut and circulating plasma. This work identifies a novel role for the gut microbiome
in mediating control of bacterial infections and polyamines as beneficial metabolites
involved in improving the obesity/T2D host response to osteomyelitis. Understanding the
impact of polyamines on host immunity and mechanisms behind decreasing susceptibility
to severe implant-associated osteomyelitis is crucial to improving treatment strategies for
this patient population.
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Individuals with obesity-related type 2 diabetes (obesity/T2D) are at increased risk for
invasive Staphylococcus aureus infections as a result of obesity-induced chronic inflamma-

tion, immune cell dysfunction, and impaired immune defenses (1–4). Osteomyelitis in this
patient population is severe, with infections often becoming chronic and requiring revision
surgeries for (i) debridement and implant retention, (ii) debridement with implant replace-
ment, or (iii) debridement with implant removal, resulting in greater morbidity and mortal-
ity (5). Obese/T2D individuals undergo total joint arthroplasties at a higher rate than lean,
nondiabetic individuals, with data from 2011 suggesting that more than 80% of patients
undergoing joint replacements are obese (6, 7). In general, periprosthetic joint infections
following primary joint replacement surgeries are low (1 to 3%), but obese/T2D patients
have a 5-fold increased risk for occurrence of persistent infections in up to 30% of cases (6,
8–10). Furthermore, the majority of implant-associated infections are caused by methicillin-
resistant Staphylococcus aureus (MRSA) (11–14). In an era of decreased antibiotic efficacy
due to bacterial resistance, exploring other avenues that target and enhance host response
is urgently needed.

Impaired immunity in obese/T2D increases susceptibility to invasive infections (15–22).
Obese/T2D hosts are immunocompromised, whereby chronic inflammation induced by
adipokines, such as tumor necrosis factor-a (TNF-a), leads to an accumulation of senescent
cells (4, 23). Neutrophils isolated from diabetic rodents and patients are impaired in all
steps of their response, including adherence, chemotaxis, phagocytosis, and killing (15, 17,
21, 22). Obesity/T2D also modifies T cell function and humoral response to S. aureus osteo-
myelitis (24, 25). Elucidation of functions in obesity/T2D that contribute to inflammation
and exacerbation of S. aureus osteomyelitis will improve understanding of the effects on
infection severity (4).

Dysbiosis of the gut microbiome in obesity/T2D is a significant contributor to chronic
inflammation and insulin resistance (26, 27). Gut dysbiosis is a shift in the gut microbiota
composition and metabolism away from a baseline state that is linked to disease (28–30).
Gut dysbiosis is influenced to a greater extent by obesity than by diabetes in obese/T2D
patients, with significant changes in host metabolism (31). In obesity-related dysbiosis, over-
all diversity of the gut microbial community is reduced along with compositional changes,
leading to higher energy harvest from diet and subsequent total body fat accumulation
(26). Compelling evidence suggests that disruption of the gut microbial community by a
high-fat diet leads to increased inflammation in obesity/T2D (32–34). This shift in the gut
microbiota of obese/T2D rodents and individuals is linked to increased circulating lipopoly-
saccharide (LPS), a bacterial cell wall component recognized by toll-like receptor 4 (TLR4)
(33–35). Persistent activation of TLR4 presented on innate immune cells triggers the release
of proinflammatory cytokines, which promote chronic inflammation and other complica-
tions of obesity (36).

Obesity-induced gut dysbiosis is reversed by changes in the host diet, a primary
driver of gut microbiota composition and metabolism (32). One way to modulate the
obese/T2D gut microbiota is through indigestible dietary fiber composed of fermenta-
ble carbohydrates (37). Mammalian hosts do not possess enzymes to hydrolyze these
carbohydrates and can only process and absorb nutrients after they are catabolized by
gut microbes (38). Prior studies exploring the effects of an inulin-like fructan, oligofruc-
tose (OF), have demonstrated its importance in improving systemic complications of
obesity/T2D, including weight loss, glycemic control, insulin resistance, and inflamma-
tion (39–43). Fermentation of oligofructose by gut microbes in the large colon pro-
duces numerous metabolic products, including short-chain fatty acids (SCFAs), which
affect a broad range of cellular and immune functions (44–46). In our study, obese/T2D
mice with tibial S. aureus infections were treated with oligofructose to reverse gut
dysbiosis and reduce inflammation, which exacerbates infections. We hypothesized
that alteration of the obese/T2D gut microbiota would lead to improvements in
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osteomyelitis severity through changes in bacterial metabolite production. Our results
demonstrate that oligofructose supplementation resulted in reduced bone infection
severity in obese/T2D mice, which was associated with alterations in the gut micro-
biota and downregulation of inflammation 14 days postinfection. Importantly, we
identified a novel role for polyamines (PA) as beneficial metabolites that directly
reduced bone infection severity similar to oligofructose.

RESULTS
Oligofructose decreased S. aureus implant-associated infection severity in

obese/T2D mice. Oligofructose (OF) is a soluble fiber that has been reported to allevi-
ate some of the secondary complications of obesity and type 2 diabetes in humans
and rodents (39–43). To determine if oligofructose has an effect on implant-associated
osteomyelitis severity in obese/T2D mice, we used a diet-induced murine model of
obesity/T2D and supplemented lean and high-fat diets with oligofructose for 2 weeks
prior to and during infection (Fig. 1A). The insoluble fiber cellulose (CL) was used as a
control supplement that is poorly fermented by gut microbes and resistant to mamma-
lian metabolism (38). Results from a glucose tolerance test (GTT) performed prior to tib-
ial transplant at week 14 demonstrated that obese/T2D 1 CL control mice exhibit
increased glucose tolerance with a modest improvement as seen in obese/T2D 1 OF
mice (Fig. S1 in the supplemental material). After initiation of a tibial implant-associ-
ated S. aureus USA300 infection, infections were monitored for 14 days, a time frame
within which acute osteomyelitis can develop. In agreement with previous research
suggesting that obese/T2D mice are at increased risk for more severe invasive osteo-
myelitis than healthy counterparts, the obese/T2D 1 CL control mice exhibited more
severe infections than lean/control mice regardless of supplement, with 5% greater
weight loss (Fig. 1B) and increased abscess formation and bacterial burden (Fig. 1C to
E) (47, 48). Oligofructose reduced soft tissue abscess size by ;50% (Fig. 1C and D) and
the associated bacterial burden in the abscess and tibia following S. aureus implant-
associated infections by ;1 log fold compared to the obese/T2D 1 CL control mice
(Fig. 1E). The reduction in both measures of infection with oligofructose was only
observed in obese/T2D mice and not in lean/control mice. These results demonstrated
that oligofructose was specifically effective in reducing infection severity within the
obese/T2D subject group and therefore has therapeutic potential.

Oligofructose reduced S. aureus community colonization in the bone. Spatial
colonization of S. aureus in the bone marrow and bone osteolysis was examined as an
additional outcome of osteomyelitis severity. Infected tibias were sectioned and
stained with (i) Brown-Brenn Gram stain to visualize S. aureus communities in crystal
violet, (ii) Alcian blue hematoxylin-orange G (ABHO) to visualize mature calcified bone
in orange to red and soft tissues in pink to red for abscesses, and (iii) tartrate-resistant
alkaline phosphatase (TRAP) for osteoclast activation in pink to indicate areas of osteol-
ysis (Fig. 2A). Histological analysis showed that while the numbers of abscesses were
similar across treatment groups (Fig. 2B), the total areas colonized by S. aureus in an
abscess community or in a biofilm associated with necrotic bone differed. Consistent
with bacterial CFU quantification of the bone (Fig. 1E), we observed ;60% increased
amounts of S. aureus communities in the bone marrow of obese/T2D 1 CL control
mice compared to obese/T2D 1 OF and lean/control mice when normalizing positive
Gram stain areas to whole tibia area (Fig. 2C). Analysis of osteoclast activation by TRAP
staining showed no differences in osteolysis across groups (Fig. 2D). This corresponded
with microcomputed tomography (mCT) imaging of the implant site (Fig. 2E) and quan-
tification of the infected hole size for osteolysis (Fig. 2F and G). Together, these data
suggest that obesity/T2D may not impact osteolysis during acute osteomyelitis
(14 days postinfection). Importantly, oligofructose modestly reduced S. aureus commu-
nity colonization in the infected bone.

Oligofructose downregulates inflammatory signals in obese/T2D mice following
infection. It is well established that the host mounts a temporary inflammatory response
during acute osteomyelitis as opposed to persistent low-grade inflammation in chronic
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infections (49, 50). However, chronic inflammation combined with infection in obesity/T2D
can lead to hyperinflammatory responses manifesting in the form of increased immune
cell recruitment and cytokine storm, which then exacerbate infections (20, 51–53). To
examine the effects of oligofructose on immune signaling associated with reduced

FIG 1 Oligofructose decreased S. aureus burden during implant-associated osteomyelitis in obese/T2D mice. (A) Schematic of the 16-week
experimental timeline; CL, cellulose (control fiber); OF, oligofructose. Lean/control and obese/T2D refer to the disease state, and CL (cellulose,
control fiber) or OF (oligofructose, experimental fiber) refer to the dietary supplement. For example, lean/control treated with cellulose is denoted
as lean/control 1 CL, while control obese/T2D treated with cellulose is obese/T2D 1 CL. (B) Percent original weight of mice during the course of
infection. Significance between lean/control 1 CL and obese/T2D 1 CL (*, P , 0.05; **, P , 0.01) was determined by two-way ANOVA with a
Tukey’s post hoc test. There were no differences between obese/T2D 1 CL and obese/T2D 1 OF mice. (C) Two representative images of soft
tissue abscesses from each treatment group 14 days postinfection. (D) Quantification of abscess size using digital caliper. (E) Infected soft tissue,
tibias, and pins were collected at day 14 postinfection for enumeration of S. aureus. Bar graphs represent mean 6 standard deviation (SD); n = 13.
Significance was identified by one-way ANOVA and Tukey’s post hoc multiple-comparison test; **, P , 0.01; ***, P , 0.001; ****, P , 0.001.
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FIG 2 Oligofructose decreased S. aureus colonization in the bone marrow. (A) Histologic sections of infected tibias at 14 days postinfection were stained
with Alcian blue hematoxylin orange G (ABHO) for visualization of abscess formation, Brown-Brenn Gram stains for S. aureus colonization, and tartrate-

(Continued on next page)
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infection severity, we next determined the levels of cytokines at 14 days postinfection. The
obese/T2D1 CL control mice displayed a hyperinflammatory immune response with over-
all increases in cytokines and chemokines postinfection that were not present in other
treatment groups (Fig. 3A). We observed a sustained production of TNF-a and interleukin-
6 (IL-6) cytokines at 14 days postinfection in the obese/T2D 1 CL control mice that was
absent in both lean/control groups and obese/T2D 1 OF mice (Fig. 3B and C). Consistent
with this reduction in inflammation, obese/T2D 1 OF mice showed a markedly decreased
expression of several chemokines compared to obese/T2D control mice, including kerati-
nocyte-derived chemokine (KC; CXCL1), monocyte chemoattractant protein 1 (MCP-1;
CCL2), monokine induced by interferon-g (IFN-g) (MIG; CXCL9), IFN-g-induced protein 10
kDa (IP-10; CXCL10), and regulated upon activation, normal T cell expressed and presum-
ably secreted (RANTES; CCL5) (Fig. 3D to H). MIG and IP-10 are recruitment signals pro-
duced when induced by IFN-g, both targeting activated T cells via chemokine receptor 3
(54). KC and MCP-1 primarily target innate immune cells, including neutrophils and mono-
cytes, respectively (55–57). From these results, we conclude that oligofructose reversed
hyperinflammation that is associated with severe osteomyelitis and higher morbidity in
control obese/T2D mice at 14 days postinfection.

Oligofructose shifted obese/T2D gut microbiota away from obesity-related
dysbiosis. We performed 16S rRNA amplicon sequencing of mouse fecal samples col-
lected weekly from weeks 0 to 16 to identify taxonomic shifts in community composi-
tion associated with reduced infection severity in response to oligofructose. All mice
on standard chow at week 0 had similar microbiota composition prior to the dietary
regimen (Fig. 4A). In agreement with prior studies, obese/T2D mice on the high-fat
diet with no supplement (obese/T2D 1 NS) exhibited gut dysbiosis, with a shift of the
microbiota to a taxonomic composition distinct from lean/control 1 NS mice through-
out weeks 1 to 12. Lean/control 1 CL and obese/T2D 1 CL mice during weeks 13 to 16
had gut microbiota compositions similar to those observed prior to supplementation
at week 12 (Fig. 4B). However, following supplementation with oligofructose through
weeks 13 to 16, the obese/T2D 1 OF microbiota was distinct from all other groups
(Fig. 4B). These results collectively demonstrate that oligofructose markedly altered the
obese/T2D gut microbiota, while cellulose had little effect and served as a negative
control for fiber supplementation.

To identify operational taxonomic units (OTUs) discriminative of each group, we
performed linear discriminant analysis effect size (LEfSe) on the gut microbiota at
14 days postinfection (week 16). Several taxa were differentially abundant between
lean/control 1 CL mice and obese/T2D 1 CL control mice (Fig. 4C). The gut microbiota
of obese/T2D 1 CL control mice was more closely associated with Akkermansia mucini-
phila and Lactobacillus spp. (Fig. 4C). Multiple Lactobacillus species have been associ-
ated with weight gain and a fiber-deprived diet (58–60). In contrast, lean/control 1 CL
mice were associated with Bifidobacterium pseudolongum, an anti-inflammatory bacte-
rium that produces immunomodulatory short-chain fatty acids (SCFAs) from fiber fer-
mentation, and an unknown species of the S24-7 family and Allobaculum genus
(Fig. 4C) (61, 62). Oligofructose treatment in obese/T2D 1 OF mice also led to
increased abundance of B. pseudolongum and unknown taxa from the S24-7 family
and Allobaculum genus (Fig. 4D and Fig. S2). Prior to supplementation at week 12,
Bifidobacteria was present in lean/control mice at an average of 8% relative abundance
compared to 0.01% in obese/T2D mice (Fig. S2A). Oligofructose supplementation at
week 14 rapidly increased Bifidobacteria abundance to 34% in lean/control 1 OF mice

FIG 2 Legend (Continued)
resistant acid phosphatase (TRAP) for osteoclast detection. (B) Quantification of bone marrow abscesses by counting across three sections per mouse. (C)
Total S. aureus community colonization area in the bone marrow was quantified by using an analysis protocol package (APP) in Visiopharm, which
identified positive Gram-stained area and normalized to total tibial area. At least three sections were measured per mouse. (D) TRAP area was also
quantified by an APP in Visiopharm and normalized to total tibial area. At least three sections were measured per mouse. (E) Representative images of mCT
analyses on infected tibias harvested 14 days postinfection. (F and G) Quantitation of lateral hold area (F) and medial hole area (G). Bar graphs represent
mean 6 SD; histology, n = 7 to 8; mCT, n = 5. Significance was identified by one-way ANOVA and Tukey’s post hoc multiple-comparison test; *, P , 0.05;
CL, cellulose (control fiber); OF, oligofructose.
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and 18% in obese/T2D 1 OF mice (Fig. S2B). This expansion in Bifidobacteria continued
while mice were given oligofructose 14 days after infection at week 16, where
Bifidobacteria abundance was found to be at 44% and 39% in lean/control 1 OF and
obese/T2D 1 OF mice, respectively (Fig. S2C). We next quantified absolute abundance
of B. pseudolongum for weeks 12, 14, and 16 by quantitative PCR (qPCR; Fig. 4E to G).

FIG 3 Oligofructose downregulated inflammatory signals in obese/T2D mice following infection. (A) Heat map of mean zero-centered concentrations of
different cytokines/chemokines analyzed from plasma isolated 14 days postinfection. (B to H) Quantitation of significantly altered cytokines and
chemokines. Bar graphs represent mean 6 SD; n = 13. Significance was identified by one-way ANOVA and Tukey’s post hoc multiple-comparison test;
*, P , 0.05; **, P , 0.01; ***, P , 0.001; CL, cellulose (control fiber); OF, oligofructose.
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FIG 4 Oligofructose shifted gut microbiota away from diseased state by inducing the expansion of Bifidobacteria pseudolongum. (A) Nonmetric
multidimensional scaling (NMDS) plot of Bray-Curtis dissimilarity metric during weeks 0 to 12; NS, no supplement. (B) NMDS plot of Bray-Curtis dissimilarity

(Continued on next page)
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Without any dietary fiber supplement at week 12, obese/T2D mice had 6-log fold less
B. pseudolongum than lean/control mice with values near the detection limit (Fig. 4E).
After oligofructose supplementation but prior to infection (week 14), the copy number
of B. pseudolongum in obese/T2D 1 OF increased to levels similar to those observed in
lean/control mice (Fig. 4F). Following 14 days of infection, B. pseudolongum abundance
remained similar to week 14. Overall, these results illustrate that oligofructose induced
large, distinct shifts in the gut microbiota of obese/T2D mice away from obesity-
induced dysbiosis and more similar to that of lean/control mice. The considerable
changes in the abundance of B. pseudolongum and potential contribution to immuno-
modulation suggested a key role for this bacterium in the microbiota response of
obese/T2D mice to dietary oligofructose and a reduction in infection severity associ-
ated with increased levels of SCFAs.

Polyamine production increased in response to dietary oligofructose. To deter-
mine which gut-microbial derived metabolite(s) were altered following oligofructose
supplementation, we performed targeted metabolomics on plasma and cecal material
isolated from mice after 2 weeks on supplement but before infection (Fig. 1A). Samples
were harvested prior to surgery in order to identify potential biomarkers of reduced
infection severity and to prevent active infections from confounding metabolite pro-
duction. In the plasma, lean/control 1 CL and obese/T2D 1 CL control mice had many
differentially altered metabolites, including the expected elevation of glucose in
obese/T2D mice (Fig. 5A), which was in agreement with our glucose tolerance test (Fig.
S1). We unexpectedly observed no differences in abundance of gut and plasma SCFAs
(Fig. S3). When comparing plasma of obese/T2D 1 OF to plasma of obese/T2D 1 CL
mice, a small decrease in glucose and an approximately 7-fold change in acetyl-orni-
thine was observed (Fig. 5B). Acetyl-ornithine, an intermediate involved in the final
production of polyamines through synthesis of arginine and ornithine (Fig. 5C), was
found to be significantly upregulated in both lean/control 1 OF and obese/T2D 1 OF
mice (Fig. 5D). Polyamines, which are produced by both the host and gut microbes
from arginine and ornithine precursors (Fig. 5C), are integral to host cellular processes,
including apoptosis, proliferation, and differentiation (63). Of the three most common
polyamines putrescine, spermidine, and spermine, only spermine and spermidine were
found to be elevated 3- to 4-fold in obese/T2D mice fed oligofructose (Fig. 5E).
Because acetyl-ornithine is microbiota derived and is used during anabolism of poly-
amines, increases in acetyl-ornithine following oligofructose supplementation in both
lean/control and obese/T2D mice suggest that the increases in spermine and spermi-
dine are likely derived from the microbiota.

Similar trends were observed in analysis of metabolites from the cecum (Fig. 6A
and B). Both spermine and acetyl-ornithine were upregulated in obese/T2D 1 OF mice
compared to in obese/T2D 1 CL controls (Fig. 6B). When examining absolute concen-
trations of metabolites in the polyamine biosynthesis pathway, acetyl-ornithine
increased by 8-fold, and spermine approximately quadrupled in obese/T2D 1 OF mice
compared to in obese/T2D 1 CL control mice, while spermidine levels doubled but
were not statistically significant (Fig. 6C). These results suggest that altered biosynthe-
sis of polyamines as a result of oligofructose supplementation and shift in the micro-
biota may contribute to a reduction in infection severity.

Oral administration of polyamines reduced infection severity similar to oligofructose
in obese/T2Dmice. In order to directly determine the effects of polyamines on osteomyeli-
tis severity, mice were supplemented with spermine and spermidine in drinking water 2

FIG 4 Legend (Continued)
during weeks 12 to 16. Week 12 represents mice prior to supplementation; NS, no supplement. Weeks 13 to 14 represent mice supplemented with CL
(cellulose, control fiber) or OF (oligofructose) before infection and during infection weeks 15 to 16. (C and D) Pairwise analysis using LEfSe was used to
identify OTUs discriminating between two indicated groups. Linear discriminant analysis (LDA) scores were calculated based on a subset of vectors
consisting of Kruskal-Wallis tests analyzing all features and pairwise Wilcoxon test checks between groups. (E to G) Absolute abundance of B. pseudolongum
identified by qPCR for weeks 12, 14, and 16. Bar graphs represent mean 6 SD; LOD, limit of detection; n = 7 to 8. Significance was identified by one-way
ANOVA and Tukey’s post hoc multiple-comparison test; ****, P , 0.0001.
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FIG 5 Targeted metabolomics of plasma. (A and B) Volcano plots of metabolomic profiles of plasma were compared between lean/control 1 CL versus
obese/T2D 1 CL (A) and obese/T2D 1 CL versus obese/T2D 1 OF (B). Metabolites annotated in blue and red are significantly decreased and increased,

(Continued on next page)
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weeks prior to and continuing after infection. Water consumption in mice given poly-
amines (PA) and controls given phosphate-buffered saline (PBS) was similar (Fig. 7A).
Weight loss in obese/T2D mice was significantly greater than that observed in lean/control
mice at 3 and 7 days postinfection regardless of chemical supplement (Fig. 7B). At day 14,
obese/T2D 1 PA mice had markedly reduced weight loss by 5% compared to obese/
T2D 1 PBS control mice, suggesting efficacy of polyamines in overall recovery. Polyamine
treatment in obese/T2D 1 PA mice also led to 50% smaller abscesses but had no effect in
lean/control1 PA mice. More importantly, polyamine supplementation decreased the ele-
vated S. aureus bone and soft tissue burden in obese mice by approximately 1-log fold
while having no effect in lean/control mice. These results demonstrate that the effects of
polyamines on S. aureus osteomyelitis in obese/T2D mice were similar to those of oligofruc-
tose (Fig. 1) (64, 65). To determine whether polyamines directly inhibited the growth of S.
aureus USA300 LAC::lux, we performed in vitro growth experiments that showed that S.

FIG 5 Legend (Continued)
respectively. (C) Mammalian and bacterial biosynthetic pathway for polyamines; ARG1, arginase 1; ODC, ornithine decarboxylase; SPDS, spermidine
synthase; SPMS, spermine synthase; SMOX, spermine oxidase. (D) Absolute concentration of the polyamine precursor acetyl-ornithine. (E) Absolute
concentrations of the three natural polyamines detected. Bar graphs represent mean 6 SD; n = 5. Significance was identified by one-way ANOVA and
Tukey’s post hoc multiple-comparison test; *, P , 0.05; **, P , 0.01; ****, P , 0.0001; CL, cellulose (control fiber); OF, oligofructose.

FIG 6 Targeted metabolomics of cecum. (A and B) Volcano plots of metabolomic profiles of cecal material were compared between lean/control 1 CL and
obese/T2D 1 CL (A) and obese/T2D 1 CL versus obese/T2D 1 OF (B). Metabolite concentrations were normalized based on grams of cecal material.
Metabolites annotated in blue and red are significantly decreased and increased, respectively. (C) Normalized concentrations of targeted metabolites
involved in polyamine biosynthesis. Bar graphs represent mean 6 SD; n = 5. Significance was identified by one-way ANOVA and Tukey’s post hoc multiple-
comparison test; *, P , 0.05; ***, P , 0.001; CL, cellulose (control fiber); OF, oligofructose.
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aureus USA300 LAC::lux is not susceptible to polyamines (Fig. S4). Therefore, we conclude
that polyamines contribute to the reduced infection severity observed in obese/T2D mice
when supplemented with oligofructose through immune modulation and not direct killing
of the pathogen (Fig. 8).

FIG 7 Polyamines reduced infection severity similar to the fiber oligofructose. (A) Daily water intake was determined by measuring changes in weight of
drinking bottles. (B) Percent original weight of mice over 14 days of infection. Significance between lean/control 1 CL and obese/T2D 1 CL (*, P , 0.05; **,
P , 0.01) and obese/T2D 1 CL versus obese/T2D 1 OF (##, P , 0.01) was determined by two-way ANOVA with Tukey’s post hoc test. (C) Two
representative images of soft tissue abscesses 14 days postinfection. (D) Quantification of soft tissue abscess size seen in C. (E) Infected soft tissue
abscesses and bones were homogenized and serially diluted for bacterial quantification 14 days postinfection. Bar graphs represent mean 6 SD; n = 5.
Significance was identified by one-way ANOVA and Tukey’s post hoc multiple-comparison test; *, P , 0.05; **, P , 0.01; ***, P , 0.001; PBS, phosphate-
buffered saline (control); PA, polyamines (3 mM total spermine 1 spermidine).

Obesity/T2D Gut Microbiota Impact on Osteomyelitis Microbiology Spectrum

March/April 2022 Volume 10 Issue 2 10.1128/spectrum.00170-22 12

https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.00170-22


DISCUSSION

A major component of host response to infections and systemic inflammation is the
gut microbiota (66, 67). In obesity/T2D, gut dysbiosis contributes to chronic inflamma-
tion, which causes deficits in the immune system, thereby increasing susceptibility to
and exacerbating infections (29). Thus, modulating the gut microbiota of obesity/T2D
can potentially identify microbial pathways important for enhancing host immune
responses against S. aureus osteomyelitis. One modifier of gut dysbiosis is dietary fiber.
To explore this approach, we supplemented diet-induced obese/T2D mice with an inu-
lin derivative, oligofructose, and examined infection outcomes, including bacterial bur-
den, immune signaling, and metabolic profiles. To our knowledge, this is the first study
to show efficacy of oligofructose in reducing infection severity during tibial implant-
associated osteomyelitis, a site distal to the gut. Our results further showed that poly-
amines were involved in mediating improved infection severity.

We demonstrated that oligofructose decreased bacterial burden in both the
infected tibia and soft tissue of obese/T2D mice compared to controls (Fig. 1E). In con-
trast, oligofructose did not impact soft tissue abscess size or bacterial burden in lean/
control 1 OF mice compared to those in lean/control 1 CL mice, the fiber controls
(Fig. 1D and E). Since lean/control mice without any supplement did not have gut dys-
biosis nor the associated inflammation of obesity/T2D (Fig. 3A), the beneficial effects of
oligofructose may not alter the course of infection, as lean/control mice already exhibit
normal inflammatory responses. Bacterial burden on the pin implants was also not
affected by oligofructose supplementation, likely due to implants acting as fomites
harboring S. aureus in a biofilm state, which are physiologically different than
abscesses in tissue and bone (68). Oligofructose also decreased the elevated total S.
aureus community colonization in obese/T2D mice (Fig. 2C). Although prior studies
have shown obese/T2D mice to have a significant impact on osteolysis, we did not

FIG 8 Proposed mechanism mediating the beneficial effects of oligofructose on osteomyelitis in obese/T2D mice. In
an obese/T2D mouse, oligofructose supplementation led to increased Bifidobacteria pseudolongum in the gut and
significantly shifted the gut microbiome away from a nonobese/diabetic state. This was associated with elevated
levels of polyamines in the local gut environment and systemically in plasma. Oligofructose supplementation in
obese/T2D mice also resulted in reduced infection severity and reduced proinflammatory signaling, suggesting a
dampening of hyperinflammatory response seen in control obese/T2D mice. Direct administration of polyamines to
obese/T2D mice led to similar reduction in bone infection severity to oligofructose, suggesting that polyamines are
involved in modulating the obese/T2D immune responses against S. aureus-mediated osteomyelitis.
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observe an effect in this study (Fig. 2C and E to G), likely due to measurement at 14 ver-
sus 21 days (47, 48). Our model examined the effects of oligofructose during acute os-
teomyelitis, an infection that causes short-term inflammation, whereas 21 days postin-
fection emphasizes intermediate chronic infections with distinct characteristics, such
as a fibrotic marrow and periosteal reactive bone formation (50). Nonetheless, we con-
clude that oligofructose had beneficial effects on bone infection severity in obese/T2D
mice and warrants further investigation as a positive modifier of immunity and gut
dysbiosis.

In this study, oligofructose prevented sustained inflammation in obese/T2D mice.
Several proinflammatory signals that were elevated in the obese/T2D control mice
were downregulated by oligofructose postinfection, including TNF-a and IL-6 and sev-
eral chemotactic signals (Fig. 3). During acute infections as this model illustrates,
inflammation is normally reduced so that wound healing can occur. Therefore,
decreased recruitment signals for inflammatory mediators by oligofructose likely
reduced tissue damage induced by inflammation, allowing for better wound healing in
obese/T2D murine hosts. Additional studies to support this premise include quantifica-
tion of tissue damage markers, such as lactate dehydrogenase or M2 polarization of
macrophages, which are associated with inflammation resolution. Nonetheless, the ele-
vated inflammatory signals in obese/T2D 1 CL control mice suggested a hyperinflam-
matory response to infection that may contribute to increased infection severity in this
patient population. Several other studies have suggested that a hyperinflammatory
response can worsen infections. Nielsen and colleagues demonstrated that obesity-
related diabetes exacerbated Acinetobacter baumannii-induced sepsis, which improved
following administration of the immunosuppressing agent dexamethasone (51).
Genetically altered obese/T2D (db/db) mice demonstrated increased neutrophil infiltra-
tion in infections of the hind paw and heightened production of chemokines CXCL1
and CXCL2 12 h after infection (20). However, ex vivo experiments with peripheral neu-
trophils isolated from db/dbmice showed diminished bacterial killing when challenged
with S. aureus (20). Previous work from our group has also led to similar conclusions.
We have reported that diet-induced obese/T2D mice exhibit a hyperinflammatory
response with significantly more macrophages recruited to the site of infection, corre-
sponding with increased bone destruction and bacteria survival (47). This current study
provides not only additional evidence that hyperinflammatory responses seen in
obese/T2D hosts are linked to more severe infections but also evidence for oligofruc-
tose moderating inflammation that would normally exacerbate acute osteomyelitis.

To determine a potential mechanism responsible for reduced inflammation and
infection severity, we investigated longitudinal changes in the gut microbiota and
metabolite profiles in all four groups of mice (Fig. 1A). The gut microbiota of obese/
T2D mice without any supplement shifted to a dysbiotic composition distinct from
lean/control mice (Fig. 4A). Long-term supplementation (3 months) of cellulose has
been described to reduce gut inflammation (69). Here, 4 weeks of cellulose had mini-
mal effects on gut microbiota composition of lean/control and obese/T2D mice, so
their gut microbiota were not distinct from before cellulose supplementation (Fig. 4B).
Upon supplementation with oligofructose, however, the gut microbiota of both lean/
control and obese/T2D mice shifted dramatically (Fig. 4B). Discriminant analysis sug-
gested that several taxa were altered, including B. pseudolongum and A. muciniphila
and those from the S24-7 (also known as Muribaculaceae) family and Allobaculum ge-
nus (Fig. 4C and D). Here, we focused on B. pseudolongum as an example of the distinct
shifts induced by oligofructose because (i) A. muciniphila was not significantly altered
in obese/T2D mice given oligofructose and (ii) taxa from the S24-7 family and
Allobaculum genus are currently uncharacterized. Both S24-7 and Allobaculum have
been associated with fermentable fiber supplementation and improved glucose toler-
ance (70, 71). However, our understanding of A. muciniphila, Allobaculum, and S24-7 is
lacking compared to Bifidobacterium spp.; thus, our ongoing efforts include isolating
and exploring the beneficial effects of these microbes. Overall, oligofructose promoted
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significant shifts in the gut microbiome of obese/T2D mice when considering both
richness and abundance, with noteworthy changes in B. pseudolongum abundance
(Fig. 4D).

Bifidobacterium spp. are well known producers of SCFAs, immunomodulatory
metabolites that are products of fiber fermentation. Similar to previous research that
suggests that oligofructose induces bifidogenic effects, supplementation with oligo-
fructose led to an expansion in B. pseudolongum (Fig. 4D) (61, 62). Unexpectedly, we
did not observe elevated SCFAs in mice given oligofructose compared to cellulose (Fig.
S3 in the supplemental material). However, unique to our study, we observed
increased production of the natural polyamines spermine and spermidine in plasma
and cecum samples of obese/T2D 1 OF mice (Fig. 5 and 6). Although oligofructose is
known to increase SCFAs, quantification is inconsistent across rodent models, as dura-
tion of supplementation (14 days to 6 weeks) and method of isolation (feces versus
cecal material, fasting versus nonfasting) varies (44, 61, 72). Short-term treatment with
oligofructose (total of 4 weeks) did not affect SCFAs in obese/T2D mice in this study
and in an osteoarthritis model from our group (73). Consistent with our metabolomics
analysis, however, is prior documentation of increased polyamine production in rats
fed oligofructose for 4 weeks (74). Polyamines are bioactive polycations derived from
amino acid metabolism and are essential for cellular proliferation and differentiation.
Increasing evidence suggests that polyamines regulate T cell progression, promote
macrophage polarization, and reduce production of proinflammatory cytokines like
TNF-a, which is consistent with our data (Fig. 4) (30, 63). Polyamines are also involved
in osteogenic differentiation, with studies demonstrating exogenous polyamines dis-
rupting osteoclast differentiation leading to attenuated bone loss (75). Therefore, poly-
amines may be tested to prevent bone destruction associated with chronic infections
in obesity/T2D, where mice at 21 days postinfection show significantly more bone loss
than lean/control mice (47). We suggest that the changes in the gut microbiota, includ-
ing increased B. pseudolongum abundance, likely lead to increased systemic polyamine
production for several reasons: (i) experiments with various Bifidobacteria species dem-
onstrated their capability to produce spermidine in vitro, (ii) shotgun metagenomic
sequencing of gut microbiota from obese mice fed resistant starch indicated that poly-
amine synthesis was associated with increases in B. pseudolongum, and (iii) treatment
of mice with arginine and Bifidobacterium animalis led to increased levels of circulating
and colonic polyamines, which corresponded with decreased levels of TNF-a and IL-6
(76–78). The evidence from our work demonstrated that polyamines were significantly
upregulated in the gut, where microbes are abundant (Fig. 6), and the beneficial
effects of polyamines on osteomyelitis in obese/T2D mice were observed when admin-
istered directly in drinking water (Fig. 7). However, S. aureus USA300 growth was not
directly inhibited by spermine and spermidine (Fig. S4) due to previously characterized
resistance conferred by speG, a gene in the arginine catabolic mobile element (64, 65).
We, therefore, conclude that polyamines are immunoregulatory within the context of
osteomyelitis rather than direct inhibitors of S. aureus growth based on our in vitro
growth curve results.

In conclusion, we successfully demonstrated the therapeutic potential of the dietary
fiber oligofructose on osteomyelitis in obese/T2D hosts (Fig. 8). Oligofructose reduced
bacterial burden and S. aureus community colonization in the bone and ameliorated
the hyperinflammatory response in obese/T2D mice, indicating that the fiber reduced
infection severity. The observations corresponded with changes in the gut microbiota
and overall metabolism that suggested that polyamines, and not short-chain fatty
acids, were involved in improving infection response. Increased B. pseudolongum abun-
dance and other bacteria affected by oligofructose likely contribute to heightened pro-
duction of polyamines, as their increased abundance was associated with increased
acetyl-ornithine, an intermediate of polyamine synthesis produced solely by bacteria.
Treating obese/T2D with polyamines in drinking water provided direct evidence for
the potential of spermine and spermidine in reducing infection severity. Overall, this
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study uncovered a novel role for oligofructose and polyamines in the context of bone
infections, warranting further investigation into their role in immunoregulation and
potential as adjunct therapeutics for obese/T2D hosts against invasive S. aureus-medi-
ated osteomyelitis.

MATERIALS ANDMETHODS
Animals. All handling of mice and associated experimental procedures were reviewed and approved

by the University Committee on Animal Resources at the University of Rochester Medical Center. Male
C57BL/6J mice from The Jackson Laboratory (Bar Harbor, ME) were housed five per microisolator cage in
a two-way housing room on a 12-h light/dark schedule. Male mice were used, as they gain weight more
consistently than female mice (79). At 6 weeks of age, mice were provided unrestricted access to either
lean (10% kcal fat; OpenSource Diets, D12450J) or high-fat (60% kcal fat; OpenSource Diets, D12492)
diets for 12 weeks. At week 12, mice were transitioned to supplemented lean and high-fat diets with
10% (wt/wt) cellulose (Vivapur 105, JRS Pharma LP, USA) or 10% (wt/wt) oligofructose (Orafti P95,
BENEO) for 2 more weeks. All diets were supplied by Research Diets, Inc. (New Brunswick, NJ). For experi-
ments regarding polyamines, mice were continued on either lean or high-fat diets without supplements
for the entire duration of the experiment. At week 12, mice were supplemented daily with fresh sterile
3 mM (total concentration) spermine (Sigma-Aldrich, St. Louis, MO) and spermidine (Sigma-Aldrich, St.
Louis, MO) or PBS in red water bottles. Bottle weights were measured daily to track drinking habits. All
mice were then infected with S. aureus at week 14 using a pin model described below and monitored
for an additional 2 weeks following infection. At harvest, mice were sacrificed with CO2 and cardiac
puncture as a secondary method unless otherwise noted.

Implant-associated infection model. S. aureus USA300 LAC::lux, a kind gift from Tammy Kielian
(University of Nebraska Medical Center), was used to infect tibias of mice. Bacteria were added to 10 mL
of tryptic soy broth (TSB) and cultured overnight at 37°C with shaking at 250 rpm. Stainless steel wire
(0.02 � 0.5 mm) was used to make L-shaped pin implants (4 � 1 mm), which were submerged in over-
night culture for 20 min prior to implantation (;5 � 105 CFU). Mice were anesthetized with 60 mg/kg
ketamine and 4 mg/kg xylazine and received preoperative extended-release buprenorphine. The right
tibial area was shaved and disinfected with 70% ethanol and betadine. An ;5-mm incision was used to
uncover the tibia, and 30- and 26-gauge needles were used to drill a hole through the bone to fit the
pin. Pins were inserted into the drilled holes, and the surgical site was closed with 5-0 nylon sutures.

Glucose tolerance test (GTT). At week 14 (2 weeks after supplementation but prior to infection),
mice were fasted for 6 h during early morning, and a glucose tolerance test was performed. Mice were
injected intraperitoneally with 300 mg/kg glucose in 0.9% NaCl using U-100 insulin syringes (0.5 mL 30G �
5/16; Beckton Dickinson, Franklin Lakes, NJ). Tail vein blood glucose levels were then monitored before
injection and at 15, 30, 90, 120 min postinjection using a OneTouch Verio glucometer and test strips
(Lifescan, Milpitas, CA).

Soft-tissue abscess size and bacterial burden quantification. At harvest, an incision was made at
the site of infection to expose soft tissue abscesses. The shortest and longest diameters of the abscess
were measured using a digital caliper (Mitutoyo, Japan), and an average of the two diameters was used
as the final measurement for abscess size. For bacterial burden quantification, soft tissue abscesses and
pin implants were homogenized in lysing matrix A tubes at 6.0 m/s for 40 s with an MP FastPrep-24
bead-beating system. Tibias were homogenized for an extra 40 s. Homogenized tissue and bone were
then serially diluted and plated on tryptic soy agar to determine CFU.

lCT and osteolysis analysis. Infected tibias were fixed in 10% neutral buffered formalin at room
temperature for 3 days. Samples were then rinsed in PBS and distilled water. Soft tissue and pin implants
were removed prior to imaging. Three-dimensional images of infected tibias were acquired by high-re-
solution microcomputed tomography (vivaCT 40, Scanco Medical AG, Basserdorf, Switzerland). Tibias
were scanned with the following parameters: 145-kV energy setting, 300-ms integration time, voxel size
of 10.5 mm, slice increment of 10 mm, and a threshold of 210. Osteolysis was determined by quantifica-
tion of the void area both from medial and lateral views.

Histological analysis. Following mCT imaging, fixed tibias were decalcified with 14% EDTA for
7 days. Following decalcification, samples were stored in 70% ethanol until they were processed and
embedded in paraffin. Transverse sections 5 mm in size were cut and mounted on glass slides. Images
were scanned with a VS120 virtual slide microscope (Olympus, Waltham, MA) and visualized using
Olympia OlyVIA for abscess counting (a minimum of three technical replicates were performed per
mouse). Quantification of S. aureus communities and TRAP areas were performed using analysis protocol
packages (APPs) in Visiopharm v.2021.07 (Hoersholm, Denmark).

16S rRNA sequencing. Samples were processed and sequenced as previously described (73). Fresh
fecal samples were collected into sterile microcentrifuge tubes and frozen at 280°C until extraction.
Total DNA was extracted from fecal samples using a Quick-DNA fecal/soil microbe miniprep kit (Zymo
Research, Irvine, CA), and DNA concentrations were quantified with a Nanodrop. V3-V4 regions of 16S ri-
bosomal DNA were amplified with PlatinumTaq polymerase (Thermo Fisher Scientific;) using dual
indexed primers (319F: 59-ACTCCTACGGGAGGCAGCAG-39; 806R: 39-ACTCCTACGGGAGGCAGCAG-59).
Amplicons were then normalized and pooled using SequalPrep normalization plates (Thermo Fisher
Scientific, Waltham, MA). Pooled library was paired-end sequenced on an Illumina MiSeq (Illumina, San
Diego, CA) at the University of Rochester Genomics Research Center. Each sequencing run included: (i)
positive controls consisting of a 1:5 mixture of Staphylococcus aureus, Lactococcus lactis, Porphyromonas
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gingivalis, Streptococcus mutans, and Escherichia coli; (ii) negative controls consisting of sterile saline; and
(iii) extraction controls of saline. The background microbiota was monitored at multiple stages of sample
collection and processing. All sterile saline, buffers, reagents, and plasticware used for sample collection,
extraction and amplification of nucleic acid were UV irradiated to eliminate possible DNA background
contamination. Elimination of potential background from the irradiated buffers, reagents, plasticware,
and swabs was confirmed by 16S rRNA amplification. Data from these background negative-control
samples are deposited in the SRA along with positive controls (BioProject ID PRJNA786881).

16S analysis. Raw reads from the Illumina MiSeq basecalls were demultiplexed using bcl2fastq ver-
sion 2.19.1 requiring exact barcode matches (80). QIIME 2021.2 was used for subsequent processing (81).
16S primers were removed, allowing 20% mismatches and requiring at least 18 bases. Cleaning, joining,
and denoising were performed using DADA2 for both runs individually prior to merging. Batch A for-
ward reads were truncated to 265 bp and reverse reads to 244 bp, error profiles were learned with a
sample of 1 million reads, and a maximum expected error of two was allowed. Batch B forward reads
were truncated to 246 bp and reverse reads to 216 bp, with the same error criteria as Batch A. Batches
were merged prior to taxonomic classification with a pretrained naive Bayesian classifier trained with
full-length 16S sequences (82, 83). Diversity analysis was done in R version 4.0.3 using phyloseq_1.32.0
(84). Taxa that could not be classified at least at the phylum level were discarded. Taxa observed in only
one sample were also discarded. Samples were rarefied at a depth of 5,554 reads, which omitted a total
of three samples. Faith’s phylogenetic diversity (PD) and the Shannon index were used to measure alpha
diversity, and a Kruskal-Wallis test was used to assess differences. The Bray-Curtis dissimilarity index was
used to measure beta diversity (85).

Quantitative PCR. qPCR was used to determine absolute copy numbers of the GroEL gene using pri-
mers specific for Bifidobacterium pseudolongum (B_plon-std-F: 59-CTCAAGAACGTTGTGGC-39; B_plon-std-
R: 59-CGGTCTTCATCACGAG-39) (86). Briefly, 2 mL of fecal DNA from each mouse was used as the tem-
plate in 25-mL total reactions of SYBR green real-time PCR master mix as instructed by the manufacturer
(Qiagen, Hilden, Germany). Reactions were performed using a CFX Connect real-time PCR detection sys-
tem (Bio-Rad, Hercules, CA) with the following parameters: 95°C for 3 min; 40 cycles of 95°C for 10 s and
66°C for 30 s; and a melting curve from 65°C to 95°C. A standard curve was made from B. pseudolongum
ATCC 25526 genomic DNA diluted 10-fold. A trendline was fitted to a linear curve and used to calculate
absolute copy numbers in fecal samples.

Multiplexed cytokine array. Blood samples were collected at sacrifice via cardiac puncture and
stored in K2EDTA anticoagulant tubes (Beckton Dickinson, Franklin Lakes, NJ). To isolate plasma, blood
was centrifuged at 2,000 � g for 10 min at 4°C. Plasma was transferred to clean microcentrifuge tubes
and stored at 280°C until analysis. Plasma samples were analyzed by Eve Technologies Corporation
(Calgary, AB, Canada) using a multiplex assay for levels of 31 different cytokines and inflammatory medi-
ators. Cytokines/chemokines with more than one undetectable sample were omitted in the heat map.

Targeted metabolomics. A separate cohort of mice was dedicated to targeted metabolomic profil-
ing. Mice were fed on the same feeding scheme as before but were harvested 2 weeks after supplemen-
tation without infection to prevent confounding effects of infection on metabolism. Mice were fasted
for 6 h prior to intraperitoneal injection with 100 mg/kg Euthasol (phenytoin/pentobarbital) and cervical
dislocation. Plasma was isolated as previously described from blood collected via cardiac punctures.
Cecal material was isolated using sterile forceps and placed directly into clean, preweighed microcentri-
fuge tubes. Both plasma and cecal samples were snap-frozen in liquid nitrogen and stored at 280°C
prior to metabolomic analysis. The Metabolomics Innovation Centre (Alberta, CA) was contracted to
identify and quantify up to 150 metabolites commonly found in samples.

A targeted quantitative metabolomics approach was used to analyze the samples using a combina-
tion of direct injection (DI) mass spectrometry (MS) with a reverse-phase liquid chromatography-tandem
mass spectrometry (LC-MS/MS) custom assay. This custom assay, in combination with an ABSciex 4000
QTrap (Applied Biosystems/MDS Sciex) mass spectrometer, can be used for the targeted identification
and quantification of up to 150 different endogenous metabolites, including amino acids, acylcarnitines,
biogenic amines and derivatives, uremic toxins, glycerophospholipids, sphingolipids, and sugars (87, 88).
The method combines the derivatization and extraction of analytes and selective mass-spectrometric
detection using multiple reaction monitoring (MRM) pairs. Isotope-labeled internal standards and other
internal standards are used for metabolite quantification. The custom assay contains a 96 deep-well
plate with a filter plate attached with sealing tape and reagents and solvents used to prepare the plate
assay. Fourteen wells were used for one blank, three zero samples, seven standards, and three quality
control samples. For all metabolites except organic acid, samples were thawed on ice, vortexed, and
centrifuged at 13,000 � g. Ten microliters of each sample was loaded onto the center of the filter on the
upper 96-well plate and dried in a stream of nitrogen. Subsequently, phenyl-isothiocyanate was added
for derivatization. After incubation, the filter spots were dried again using an evaporator. Extraction of
the metabolites was then achieved by adding 300 mL of extraction solvent. The extracts were obtained
by centrifugation into the lower 96-deep-well plate, followed by a dilution step with MS running solvent.
For organic acid analysis, 150 mL of ice-cold methanol and 10 mL of isotope-labeled internal standard
mixture was added to 50 mL of sample for overnight protein precipitation. Then, it was centrifuged at
13,000 � g for 20 min. Fifty microliters of supernatant was loaded into the center of the wells of a 96-
deep-well plate, followed by the addition of 3-nitrophenylhydrazine (NPH) reagent. After incubation for
2 h, butylated hydroxytoluene (BHT) stabilizer and water were added before LC-MS injection. Mass spec-
trometric analysis was performed on an ABSciex 4000 QTrap tandem mass spectrometry instrument
(Applied Biosystems/MDS Analytical Technologies, Foster City, CA) equipped with an Agilent 1260 series
ultra-high-performance liquid chromatography (UHPLC) system (Agilent Technologies, Palo Alto, CA).
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The samples were delivered to the mass spectrometer by an LC method followed by a DI method. Data
analysis was done using Analyst 1.6.2.

In vitro growth curve. S. aureus was grown overnight in TSB at 37°C with shaking at 250 rpm.
Overnight culture was washed twice in PBS and normalized to an optical density (OD) of 0.5 in TSB. The
normalized bacteria solution was further diluted 1:200 with a total volume of 200 mL in TSB alone or TSB
with supplemented polyamines (3 mM spermine and/or spermidine) in a flat-bottom 96-well plate.
Absorbance readings at 600 nm were then monitored every 30 min using a kinetic reading with a Biotek
ELx808 microplate reader (Agilent Technologies, Santa Clara, CA) set at 37°C with medium shaking.
Growth curves were performed in triplicates.

Statistical analysis. Statistical analyses for 16S rRNA sequencing and metabolomics were performed
as described above. For weight assessment, the glucose tolerance test, bacterial burden analysis, histol-
ogy, mCT, individual plasma cytokine assessment, B. pseudolongum copy number quantitation, and indi-
vidual metabolite analysis, a one-way analysis of variance (ANOVA) with a Tukey’s multiple comparisons
post hoc test was performed. All statistics were analyzed using GraphPad Prism 9.3.1 except for 16S rRNA
sequencing and metabolomics data, which were analyzed in RStudio 4.0.3. Differences between groups
were considered significant with a P value of ,0.05. P values less than 0.1 are included in figures to
denote trending changes.

Data availability. Illumina 16S rRNA V3-V4 amplicons were deposited in the SRA under BioProject
ID number PRJNA786881, including positive and negative controls on each plate.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 2.2 MB.

ACKNOWLEDGMENTS
We thank the Center for Musculoskeletal Research for providing procedure space as

well as Jeffrey Fox for his technical contributions with histological analysis and Lindsay
Schnur for her contributions withmCT. We also thank the Genomics Research Center for
performing16S rRNA sequencing and Cal Palumbo for his guidance with taxonomic
analysis. Finally, we are grateful to BENEO for providing oligofructose for use in our
experiments.

T.I.B., R.A.M., and S.R.G. designed the study. T.I.B. and A.L.G. carried out all
experimental studies and generated data. T.I.B. analyzed all data. T.I.B., R.A.M., and
S.R.G. drafted the manuscript. All authors reviewed the final manuscript.

We declare that we have no competing interests.
This work was supported in part by AO Trauma Clinical Priority Program on Bone

Infection and NIH NIDCR T90-DE021985.

REFERENCES
1. Darby IA, Bisucci T, Hewitson TD, MacLellan DG. 1997. Apoptosis is increased in

a model of diabetes-impaired wound healing in genetically diabetic mice. Int J
BiochemCell Biol 29:191–200. https://doi.org/10.1016/S1357-2725(96)00131-8.

2. Seitz O, Schürmann C, Hermes N, Müller E, Pfeilschifter J, Frank S, Goren I.
2010. Wound healing in mice with high-fat diet- or ob gene-induced dia-
betes-obesity syndromes: a comparative study. Exp Diabetes Res 2010:
476969. https://doi.org/10.1155/2010/476969.

3. Kimball AS, Joshi A, Carson WF IV, Boniakowski AE, Schaller M, Allen R,
Bermick J, Davis FM, Henke PK, Burant CF, Kunkel SL, Gallagher KA.
2017. The histone methyltransferase MLL1 directs macrophage-medi-
ated inflammation in wound healing and is altered in a murine model
of obesity and type 2 diabetes. Diabetes 66:2459–2471. https://doi
.org/10.2337/db17-0194.

4. Andersen CJ, Murphy KE, Fernandez ML. 2016. Impact of obesity and met-
abolic syndrome on immunity. Adv Nutr 7:66–75. https://doi.org/10.3945/
an.115.010207.

5. Houdek MT, Wagner ER, Watts CD, Osmon DR, Hanssen AD, Lewallen DG,
Mabry TM. 2015. Morbid obesity: a significant risk factor for failure of two-
stage revision total hip arthroplasty for infection. J Bone Joint Surg Am
97:326–332. https://doi.org/10.2106/JBJS.N.00515.

6. Dowsey MM, Choong PFM. 2009. Obese diabetic patients are at substan-
tial risk for deep infection after primary TKA. Clin Orthop Relat Res 467:
1577–1581. https://doi.org/10.1007/s11999-008-0551-6.

7. George J, Klika AK, Navale SM, Newman JM, Barsoum WK, Higuera CA. 2017.
Obesity epidemic: is its impact on total joint arthroplasty underestimated? An

analysis of national trends. Clin Orthop Relat Res 475:1798–1806. https://doi
.org/10.1007/s11999-016-5222-4.

8. Kini SG, Gabr A, Das R, Sukeik M, Haddad FS. 2016. Two-stage revision for
periprosthetic hip and knee joint infections. Open Orthop J 10:579–588.
https://doi.org/10.2174/1874325001610010579.

9. Jämsen E, Nevalainen P, Eskelinen A, Huotari K, Kalliovalkama J, Moilanen
T. 2012. Obesity, diabetes, and preoperative hyperglycemia as predictors
of periprosthetic joint infection. J Bone Joint Surg Am 94:e101. https://doi
.org/10.2106/JBJS.J.01935.

10. Wu C, Qu X, Liu F, Li H, Mao Y, Zhu Z. 2014. Risk factors for periprosthetic joint
infection after total hip arthroplasty and total knee arthroplasty in Chinese
patients. PLoS One 9:e95300. https://doi.org/10.1371/journal.pone.0095300.

11. Jämsen E, Nevalainen P, Kalliovalkama J, Moilanen T. 2010. Preoperative
hyperglycemia predicts infected total knee replacement. Eur J Intern Med
21:196–201. https://doi.org/10.1016/j.ejim.2010.02.006.

12. Chrastil J, Anderson MB, Stevens V, Anand R, Peters CL, Pelt CE. 2015.
Is hemoglobin A1c or perioperative hyperglycemia predictive of peri-
prosthetic joint infection or death following primary total joint arthro-
plasty? J Arthroplasty 30:1197–1202. https://doi.org/10.1016/j.arth
.2015.01.040.

13. Harris AHS, Bowe TR, Gupta S, Ellerbe LS, Giori NJ. 2013. Hemoglobin A1C
as a marker for surgical risk in diabetic patients undergoing total joint
arthroplasty. J Arthroplasty 28:25–29. https://doi.org/10.1016/j.arth.2013
.03.033.

14. Adams AL, Paxton EW, Wang JQ, Johnson ES, Bayliss EA, Ferrara A, Nakasato C,
Bini SA, Namba RS. 2013. Surgical outcomes of total knee replacement

Obesity/T2D Gut Microbiota Impact on Osteomyelitis Microbiology Spectrum

March/April 2022 Volume 10 Issue 2 10.1128/spectrum.00170-22 18

https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA786881
https://doi.org/10.1016/S1357-2725(96)00131-8
https://doi.org/10.1155/2010/476969
https://doi.org/10.2337/db17-0194
https://doi.org/10.2337/db17-0194
https://doi.org/10.3945/an.115.010207
https://doi.org/10.3945/an.115.010207
https://doi.org/10.2106/JBJS.N.00515
https://doi.org/10.1007/s11999-008-0551-6
https://doi.org/10.1007/s11999-016-5222-4
https://doi.org/10.1007/s11999-016-5222-4
https://doi.org/10.2174/1874325001610010579
https://doi.org/10.2106/JBJS.J.01935
https://doi.org/10.2106/JBJS.J.01935
https://doi.org/10.1371/journal.pone.0095300
https://doi.org/10.1016/j.ejim.2010.02.006
https://doi.org/10.1016/j.arth.2015.01.040
https://doi.org/10.1016/j.arth.2015.01.040
https://doi.org/10.1016/j.arth.2013.03.033
https://doi.org/10.1016/j.arth.2013.03.033
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.00170-22


according to diabetes status and glycemic control, 2001 to 2009. J Bone Joint
Surg Am95:481–487. https://doi.org/10.2106/JBJS.L.00109.

15. Gallacher SJ, Thomson G, Fraser WD, Fisher BM, Gemmell CG, MacCuish AC.
1995. Neutrophil bactericidal function in diabetesmellitus: evidence for associa-
tion with blood glucose control. Diabetic Med 12:916–920. https://doi.org/10
.1111/j.1464-5491.1995.tb00396.x.

16. Kuwabara WMT, Curi R, Alba-Loureiro TC. 2017. Autophagy is impaired in neu-
trophils from streptozotocin-induced diabetic rats. Front Immunol 8:24.

17. Alba-Loureiro TC, Hirabara SM, Mendonça JR, Curi R, Pithon-Curi TC. 2006.
Diabetes causes marked changes in function and metabolism of rat neu-
trophils. J Endocrinol 188:295–303. https://doi.org/10.1677/joe.1.06438.

18. Alba-Loureiro TC, Munhoz CD, Martins JO, Cerchiaro GA, Scavone C, Curi
R, Sannomiya P. 2007. Neutrophil function and metabolism in individuals
with diabetes mellitus. Braz J Med Biol Res 40:1037–1044. https://doi.org/
10.1590/s0100-879x2006005000143.

19. Kuwabara WMT, Yokota CNF, Curi R, Alba-Loureiro TC. 2018. Obesity and
type 2 diabetes mellitus induce lipopolysaccharide tolerance in rat neu-
trophils. Sci Rep 8:17534. https://doi.org/10.1038/s41598-018-35809-2.

20. Park S, Rich J, Hanses F, Lee JC. 2009. Defects in innate immunity predis-
pose C57BL/6J-Leprdb/Leprdb mice to infection by Staphylococcus aureus.
Infect Immun 77:1008–1014. https://doi.org/10.1128/IAI.00976-08.

21. Hanses F, Park S, Rich J, Lee JC. 2011. Reduced neutrophil apoptosis in di-
abetic mice during staphylococcal infection leads to prolonged Tnfa pro-
duction and reduced neutrophil clearance. PLoS One 6:e23633. https://
doi.org/10.1371/journal.pone.0023633.

22. Delamaire M, Maugendre D, Moreno M, Le Goff MC, Allannic H, Genetet B.
1997. Impaired leucocyte functions in diabetic patients. Diabet Med 14:29–34.
https://doi.org/10.1002/(SICI)1096-9136(199701)14:1%3C29::AID-DIA300%3E3.0
.CO;2-V.

23. Palmer AK, Tchkonia T, LeBrasseur NK, Chini EN, Xu M, Kirkland JL. 2015.
Cellular senescence in type 2 diabetes: a therapeutic opportunity. Diabe-
tes 64:2289–2298. https://doi.org/10.2337/db14-1820.

24. Farnsworth CW, Shehatou CT, Maynard R, Nishitani K, Kates SL, Zuscik MJ,
Schwarz EM, Daiss JL, Mooney RA. 2015. A humoral immune defect distin-
guishes the response to Staphylococcus aureus infections in mice with
obesity and type 2 diabetes from that in mice with type 1 diabetes. Infect
Immun 83:2264–2274. https://doi.org/10.1128/IAI.03074-14.

25. DeFuria J, Belkina AC, Jagannathan-Bogdan M, Snyder-Cappione J, Carr
JD, Nersesova YR, Markham D, Strissel KJ, Watkins AA, Zhu M, Allen J,
Bouchard J, Toraldo G, Jasuja R, Obin MS, McDonnell ME, Apovian C,
Denis GV, Nikolajczyk BS. 2013. B cells promote inflammation in obesity
and type 2 diabetes through regulation of T-cell function and an inflam-
matory cytokine profile. Proc Natl Acad Sci U S A 110:5133–5138. https://
doi.org/10.1073/pnas.1215840110.

26. Turnbaugh PJ, Ley RE, Mahowald MA, Magrini V, Mardis ER, Gordon JI. 2006. An
obesity-associated gut microbiome with increased capacity for energy harvest.
Nature 444:1027–1031. https://doi.org/10.1038/nature05414.

27. Chatelier EL, Nielsen T, Qin J, Prifti E, Hildebrand F, Falony G, Almeida M,
Arumugam M, Batto J-M, Kennedy S, Leonard P, Li J, Burgdorf K, Grarup
N, Jørgensen T, Brandslund I, Nielsen HB, Juncker AS, Bertalan M, Levenez
F, Pons N, Rasmussen S, Sunagawa S, Tap J, Tims S, Zoetendal EG, Brunak
S, Clément K, Doré J, Kleerebezem M, Kristiansen K, Renault P, Sicheritz-
Ponten T, de Vos WM, Zucker J-D, Raes J, Hansen T, MetaHIT consortium,
Bork P, Wang J, Ehrlich SD, Pedersen O. 2013. Richness of human gut
microbiome correlates with metabolic markers. Nature 500:541–546.
https://doi.org/10.1038/nature12506.

28. Carding S, Verbeke K, Vipond DT, Corfe BM, Owen LJ. 2015. Dysbiosis of
the gut microbiota in disease. Microb Ecol Health Dis 26:26191. https://
doi.org/10.3402/mehd.v26.26191.

29. Belkaid Y, Hand TW. 2014. Role of the microbiota in immunity and inflam-
mation. Cell 157:121–141. https://doi.org/10.1016/j.cell.2014.03.011.

30. Rooks MG, Garrett WS. 2016. Gut microbiota, metabolites and host immu-
nity. Nat Rev Immunol 16:341–352. https://doi.org/10.1038/nri.2016.42.

31. Thingholm LB, Rühlemann MC, Koch M, Fuqua B, Laucke G, Boehm R, Bang
C, Franzosa EA, Hübenthal M, Rahnavard A, Frost F, Lloyd-Price J, Schirmer
M, Lusis AJ, Vulpe CD, Lerch MM, Homuth G, Kacprowski T, Schmidt CO,
Nöthlings U, Karlsen TH, Lieb W, Laudes M, Franke A, Huttenhower C. 2019.
Obese individuals with and without type 2 diabetes show different gut mi-
crobial functional capacity and composition. Cell Host Microbe 26:252–264.
https://doi.org/10.1016/j.chom.2019.07.004.

32. Turnbaugh PJ, Bäckhed F, Fulton L, Gordon JI. 2008. Diet-induced obesity is
linked to marked but reversible alterations in the mouse distal gut micro-
biome. Cell Host Microbe 3:213–223. https://doi.org/10.1016/j.chom.2008.02
.015.

33. Cani PD, Amar J, Iglesias MA, Poggi M, Knauf C, Bastelica D, Neyrinck AM,
Fava F, Tuohy KM, Chabo C, Waget A, Delmee E, Cousin B, Sulpice T,
Chamontin B, Ferrieres J, Tanti J-F, Gibson GR, Casteilla L, Delzenne NM,
Alessi MC, Burcelin R. 2007. Metabolic endotoxemia initiates obesity and
insulin resistance. Diabetes 56:1761–1772. https://doi.org/10.2337/db06
-1491.

34. Cani PD, Bibiloni R, Knauf C, Waget A, Neyrinck AM, Delzenne NM, Burcelin R.
2008. Changes in gut microbiota control metabolic endotoxemia-induced
inflammation in high-fat diet-induced obesity and diabetes in mice. Diabetes
57:1470–1481. https://doi.org/10.2337/db07-1403.

35. Creely SJ, McTernan PG, Kusminski CM, Fisher ffM, Da Silva NF, Khanolkar M,
Evans M, Harte AL, Kumar S. 2007. Lipopolysaccharide activates an innate
immune system response in human adipose tissue in obesity and type 2 diabe-
tes. Am J Physiol Endoc Metab 292:E740–E747. https://doi.org/10.1152/ajpendo
.00302.2006.

36. Liu A, Chen M, Kumar R, Stefanovic-Racic M, O'Doherty RM, Ding Y,
Jahnen-Dechent W, Borghesi L. 2018. Bone marrow lympho-myeloid mal-
function in obesity requires precursor cell-autonomous TLR4. Nat Com-
mun 9:708. https://doi.org/10.1038/s41467-018-03145-8.

37. Delzenne NM, Neyrinck AM, Bäckhed F, Cani PD. 2011. Targeting gut
microbiota in obesity: effects of prebiotics and probiotics. Nat Rev Endo-
crinol 7:639–646. https://doi.org/10.1038/nrendo.2011.126.

38. Mudgil D, Barak S. 2013. Composition, properties and health benefits of
indigestible carbohydrate polymers as dietary fiber: a review. Int J Biol
Macromol 61:1–6. https://doi.org/10.1016/j.ijbiomac.2013.06.044.

39. Daubioul CA, Horsmans Y, Lambert P, Danse E, Delzenne NM. 2005.
Effects of oligofructose on glucose and lipid metabolism in patients with
nonalcoholic steatohepatitis: results of a pilot study. Eur J Clin Nutr 59:
723–726. https://doi.org/10.1038/sj.ejcn.1602127.

40. Parnell JA, Klancic T, Reimer RA. 2017. Oligofructose decreases serum lipo-
polysaccharide and plasminogen activator inhibitor-1 in adults with over-
weight/obesity. Obesity (Silver Spring) 25:510–513. https://doi.org/10.1002/
oby.21763.

41. Parnell JA, Reimer RA. 2009. Weight loss during oligofructose supplemen-
tation is associated with decreased ghrelin and increased peptide YY in
overweight and obese adults. Am J Clin Nutr 89:1751–1759. https://doi
.org/10.3945/ajcn.2009.27465.

42. Dehghan P, Gargari BP, Jafar-Abadi MA. 2014. Oligofructose-enriched inu-
lin improves some inflammatory markers and metabolic endotoxemia in
women with type 2 diabetes mellitus: a randomized controlled clinical
trial. Nutrition 30:418–423. https://doi.org/10.1016/j.nut.2013.09.005.

43. Cani PD, Knauf C, Iglesias MA, Drucker DJ, Delzenne NM, Burcelin R. 2006.
Improvement of glucose tolerance and hepatic insulin sensitivity by oli-
gofructose requires a functional glucagon-like peptide 1 receptor. Diabe-
tes 55:1484–1490. https://doi.org/10.2337/db05-1360.

44. Kelly-Quagliana KA, Nelson PD, Buddington RK. 2003. Dietary oligofruc-
tose and inulin modulate immune functions in mice. Nutr Res 23:
257–267. https://doi.org/10.1016/S0271-5317(02)00516-X.

45. Buddington KK, Donahoo JB, Buddington RK. 2002. Dietary oligofructose
and inulin protect mice from enteric and systemic pathogens and tumor
inducers. J Nutr 132:472–477. https://doi.org/10.1093/jn/132.3.472.

46. Buddington RK, Kelly-Quagliana K, Buddington KK, Kimura Y. 2002. Non–
digestible oligosaccharides and defense functions: lessons learned from animal
models. Br J Nutr 87:S231–S239. https://doi.org/10.1079/BJN/2002542.

47. Farnsworth CW, Schott EM, Benvie AM, Zukoski J, Kates SL, Schwarz EM,
Gill SR, Zuscik MJ, Mooney RA. 2018. Obesity/type 2 diabetes increases
inflammation, periosteal reactive bone formation, and osteolysis during
Staphylococcus aureus implant-associated bone infection. J Orthop Res
36:1614–1623. https://doi.org/10.1002/jor.23831.

48. Farnsworth CW, Schott EM, Jensen SE, Zukoski J, Benvie AM, Refaai MA,
Kates SL, Schwarz EM, Zuscik MJ, Gill SR, Mooney RA. 2017. Adaptive up-
regulation of clumping factor A (ClfA) by Staphylococcus aureus in the
obese, type 2 diabetic host mediates increased virulence. Infect Immun
85:e01005-16. https://doi.org/10.1128/IAI.01005-16.

49. Lew DP, Waldvogel FA. 2004. Osteomyelitis. Lancet 364:369–379. https://
doi.org/10.1016/S0140-6736(04)16727-5.

50. Masters EA, Trombetta RP, de Mesy Bentley KL, Boyce BF, Gill AL, Gill SR,
Nishitani K, Ishikawa M, Morita Y, Ito H, Bello-Irizarry SN, Ninomiya M,
Brodell JD, Jr, Lee CC, Hao SP, Oh I, Xie C, Awad HA, Daiss JL, Owen JR,
Kates SL, Schwarz EM, Muthukrishnan G. 2019. Evolving concepts in bone
infection: redefining “biofilm”, “acute vs. chronic osteomyelitis”, “the
immune proteome” and “local antibiotic therapy”. Bone Res 7:20. https://
doi.org/10.1038/s41413-019-0061-z.

Obesity/T2D Gut Microbiota Impact on Osteomyelitis Microbiology Spectrum

March/April 2022 Volume 10 Issue 2 10.1128/spectrum.00170-22 19

https://doi.org/10.2106/JBJS.L.00109
https://doi.org/10.1111/j.1464-5491.1995.tb00396.x
https://doi.org/10.1111/j.1464-5491.1995.tb00396.x
https://doi.org/10.1677/joe.1.06438
https://doi.org/10.1590/s0100-879x2006005000143
https://doi.org/10.1590/s0100-879x2006005000143
https://doi.org/10.1038/s41598-018-35809-2
https://doi.org/10.1128/IAI.00976-08
https://doi.org/10.1371/journal.pone.0023633
https://doi.org/10.1371/journal.pone.0023633
https://doi.org/10.1002/(SICI)1096-9136(199701)14:1%3C29::AID-DIA300%3E3.0.CO;2-V
https://doi.org/10.1002/(SICI)1096-9136(199701)14:1%3C29::AID-DIA300%3E3.0.CO;2-V
https://doi.org/10.2337/db14-1820
https://doi.org/10.1128/IAI.03074-14
https://doi.org/10.1073/pnas.1215840110
https://doi.org/10.1073/pnas.1215840110
https://doi.org/10.1038/nature05414
https://doi.org/10.1038/nature12506
https://doi.org/10.3402/mehd.v26.26191
https://doi.org/10.3402/mehd.v26.26191
https://doi.org/10.1016/j.cell.2014.03.011
https://doi.org/10.1038/nri.2016.42
https://doi.org/10.1016/j.chom.2019.07.004
https://doi.org/10.1016/j.chom.2008.02.015
https://doi.org/10.1016/j.chom.2008.02.015
https://doi.org/10.2337/db06-1491
https://doi.org/10.2337/db06-1491
https://doi.org/10.2337/db07-1403
https://doi.org/10.1152/ajpendo.00302.2006
https://doi.org/10.1152/ajpendo.00302.2006
https://doi.org/10.1038/s41467-018-03145-8
https://doi.org/10.1038/nrendo.2011.126
https://doi.org/10.1016/j.ijbiomac.2013.06.044
https://doi.org/10.1038/sj.ejcn.1602127
https://doi.org/10.1002/oby.21763
https://doi.org/10.1002/oby.21763
https://doi.org/10.3945/ajcn.2009.27465
https://doi.org/10.3945/ajcn.2009.27465
https://doi.org/10.1016/j.nut.2013.09.005
https://doi.org/10.2337/db05-1360
https://doi.org/10.1016/S0271-5317(02)00516-X
https://doi.org/10.1093/jn/132.3.472
https://doi.org/10.1079/BJN/2002542
https://doi.org/10.1002/jor.23831
https://doi.org/10.1128/IAI.01005-16
https://doi.org/10.1016/S0140-6736(04)16727-5
https://doi.org/10.1016/S0140-6736(04)16727-5
https://doi.org/10.1038/s41413-019-0061-z
https://doi.org/10.1038/s41413-019-0061-z
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.00170-22


51. Nielsen TB, Pantapalangkoor P, Yan J, Luna BM, Dekitani K, Bruhn K, Tan
B, Junus J, Bonomo RA, Schmidt AM, Everson M, Duncanson F, Doherty
TM, Lin L, Spellberg B. 2017. Diabetes exacerbates infection via hyperin-
flammation by signaling through TLR4 and RAGE. mBio 8:e00818-17.
https://doi.org/10.1128/mBio.00818-17.

52. Cohen TS, Takahashi V, Bonnell J, Tovchigrechko A, Chaerkady R, Yu W,
Jones-Nelson O, Lee Y, Raja R, Hess S, Stover CK, Worthington JJ, Travis
MA, Sellman BR. 2019. Staphylococcus aureus drives expansion of low-
density neutrophils in diabetic mice. J Clin Invest 129:2133–2144. https://
doi.org/10.1172/JCI126938.

53. Batabyal R, Freishtat N, Hill E, Rehman M, Freishtat R, Koutroulis I. 2021.
Metabolic dysfunction and immunometabolism in COVID-19 pathophysi-
ology and therapeutics. Int J Obes (Lond) 45:1163–1167. https://doi.org/
10.1038/s41366-021-00804-7.

54. Loetscher M, Gerber B, Loetscher P, Jones SA, Piali L, Clark-Lewis I,
Baggiolini M, Moser B. 1996. Chemokine receptor specific for IP10 and
mig: structure, function, and expression in activated T-lymphocytes. J Exp
Med 184:963–969. https://doi.org/10.1084/jem.184.3.963.

55. Tokunaga R, Zhang W, Naseem M, Puccini A, Berger MD, Soni S, McSkane
M, Baba H, Lenz H-J. 2018. CXCL9, CXCL10, CXCL11/CXCR3 axis for
immune activation—a target for novel cancer therapy. Cancer Treat Rev
63:40–47. https://doi.org/10.1016/j.ctrv.2017.11.007.

56. Sawant KV, Poluri KM, Dutta AK, Sepuru KM, Troshkina A, Garofalo RP,
Rajarathnam K. 2016. Chemokine CXCL1 mediated neutrophil recruit-
ment: role of glycosaminoglycan interactions. Sci Rep 6:33123. https://doi
.org/10.1038/srep33123.

57. Gschwandtner M, Derler R, Midwood KS. 2019. More than just attractive:
how CCL2 influences myeloid cell behavior beyond chemotaxis. Front
Immunol 10:2759. https://doi.org/10.3389/fimmu.2019.02759.

58. Million M, Maraninchi M, Henry M, Armougom F, Richet H, Carrieri P,
Valero R, Raccah D, Vialettes B, Raoult D. 2012. Obesity-associated gut
microbiota is enriched in Lactobacillus reuteri and depleted in Bifidobacte-
rium animalis and Methanobrevibacter smithii. Int J Obes (Lond) 36:
817–825. https://doi.org/10.1038/ijo.2011.153.

59. Million M, Angelakis E, Paul M, Armougom F, Leibovici L, Raoult D. 2012.
Comparative meta-analysis of the effect of Lactobacillus species on
weight gain in humans and animals. Microb Pathog 53:100–108. https://
doi.org/10.1016/j.micpath.2012.05.007.

60. Desai MS, Seekatz AM, Koropatkin NM, Kamada N, Hickey CA, Wolter M,
Pudlo NA, Kitamoto S, Terrapon N, Muller A, Young VB, Henrissat B,
Wilmes P, Stappenbeck TS, Núñez G, Martens EC. 2016. A dietary fiber-
deprived gut microbiota degrades the colonic mucus barrier and enhan-
ces pathogen susceptibility. Cell 167:1339–1353. https://doi.org/10.1016/
j.cell.2016.10.043.

61. Campbell JM, Fahey GC, Wolf BW. 1997. Selected indigestible oligosac-
charides affect large bowel mass, cecal and fecal short-chain fatty acids,
pH and microflora in rats. J Nutr 127:130–136. https://doi.org/10.1093/jn/
127.1.130.

62. Baxter NT, Schmidt AW, Venkataraman A, Kim KS, Waldron C, Schmidt TM.
2019. Dynamics of human gut microbiota and short-chain fatty acids in
response to dietary interventions with three fermentable fibers. mBio 10:
e02566-18. https://doi.org/10.1128/mBio.02566-18.

63. Proietti E, Rossini S, Grohmann U, Mondanelli G. 2020. Polyamines and
kynurenines at the intersection of immune modulation. Trends Immunol
41:1037–1050. https://doi.org/10.1016/j.it.2020.09.007.

64. Thurlow LR, Joshi GS, Clark JR, Spontak JS, Neely CJ, Maile R, Richardson AR.
2013. Functional modularity of the arginine catabolic mobile element contrib-
utes to the success of USA300 methicillin-resistant Staphylococcus aureus. Cell
Host Microbe 13:100–107. https://doi.org/10.1016/j.chom.2012.11.012.

65. Joshi GS, Spontak JS, Klapper DG, Richardson AR. 2011. Arginine cata-
bolic mobile element encoded speG abrogates the unique hypersensi-
tivity of Staphylococcus aureus to exogenous polyamines. Mol Micro-
biol 82:9–20. https://doi.org/10.1111/j.1365-2958.2011.07809.x.

66. Singer JR, Blosser EG, Zindl CL, Silberger DJ, Conlan S, Laufer VA, DiToro
D, Deming C, Kumar R, Morrow CD, Segre JA, Gray MJ, Randolph DA,
Weaver CT. 2019. Preventing dysbiosis of the neonatal mouse intestinal
microbiome protects against late-onset sepsis. Nat Med 25:1772–1782.
https://doi.org/10.1038/s41591-019-0640-y.

67. Kim S, Covington A, Pamer EG. 2017. The intestinal microbiota: antibiot-
ics, colonization resistance, and enteric pathogens. Immunol Rev 279:
90–105. https://doi.org/10.1111/imr.12563.

68. Cheng AG, DeDent AC, Schneewind O, Missiakas D. 2011. A play in four
acts: Staphylococcus aureus abscess formation. Trends Microbiol 19:
225–232. https://doi.org/10.1016/j.tim.2011.01.007.

69. Kim Y, Hwang SW, Kim S, Lee Y-S, Kim T-Y, Lee S-H, Kim SJ, Yoo HJ, Kim
EN, Kweon M-N. 2020. Dietary cellulose prevents gut inflammation by
modulating lipid metabolism and gut microbiota. Gut Microbes 11:
944–961. https://doi.org/10.1080/19490976.2020.1730149.

70. Ravussin Y, Koren O, Spor A, LeDuc C, Gutman R, Stombaugh J, Knight R,
Ley RE, Leibel RL. 2012. Responses of gut microbiota to diet composition
and weight loss in lean and obese mice. Obesity (Silver Spring) 20:
738–747. https://doi.org/10.1038/oby.2011.111.

71. Everard A, Lazarevic V, Gaïa N, Johansson M, Ståhlman M, Backhed F,
Delzenne NM, Schrenzel J, François P, Cani PD. 2014. Microbiome of
prebiotic-treated mice reveals novel targets involved in host response
during obesity. ISME J 8:2116–2130. https://doi.org/10.1038/ismej
.2014.45.

72. Woting A, Pfeiffer N, Hanske L, Loh G, Klaus S, Blaut M. 2015. Alleviation of
high fat diet-induced obesity by oligofructose in gnotobiotic mice is inde-
pendent of presence of Bifidobacterium longum. Mol Nutr Food Res 59:
2267–2278. https://doi.org/10.1002/mnfr.201500249.

73. Schott EM, Farnsworth CW, Grier A, Lillis JA, Soniwala S, Dadourian GH,
Bell RD, Doolittle ML, Villani DA, Awad H, Ketz JP, Kamal F, Ackert-Bicknell
C, Ashton JM, Gill SR, Mooney RA, Zuscik MJ. 2018. Targeting the gut
microbiome to treat the osteoarthritis of obesity. JCI Insight 3:e95997.
https://doi.org/10.1172/jci.insight.95997.

74. Delzenne NM, Kok N, Deloyer P, Dandrifosse G. 2000. Dietary fructans
modulate polyamine concentration in the cecum of rats. J Nutr 130:
2456–2460. https://doi.org/10.1093/jn/130.10.2456.

75. Yamamoto T, Hinoi E, Fujita H, Iezaki T, Takahata Y, Takamori M, Yoneda
Y. 2012. The natural polyamines spermidine and spermine prevent bone
loss through preferential disruption of osteoclastic activation in ovariec-
tomized mice. Br J Pharmacol 166:1084–1096. https://doi.org/10.1111/j
.1476-5381.2012.01856.x.

76. Kibe R, Kurihara S, Sakai Y, Suzuki H, Ooga T, Sawaki E, Muramatsu K,
Nakamura A, Yamashita A, Kitada Y, Kakeyama M, Benno Y, Matsumoto
M. 2014. Upregulation of colonic luminal polyamines produced by intesti-
nal microbiota delays senescence in mice. Sci Rep 4:4548. https://doi.org/
10.1038/srep04548.

77. Sugiyama Y, Nara M, Sakanaka M, Kitakata A, Okuda S, Kurihara S. 2018.
Analysis of polyamine biosynthetic- and transport ability of human indig-
enous Bifidobacterium. Biosci Biotechnology Biochem 82:1606–1614.
https://doi.org/10.1080/09168451.2018.1475211.

78. Zhang Z, Wang Y, Zhang Y, Chen K, Chang H, Ma C, Jiang S, Huo D, Liu W,
Jha R, Zhang J. 2021. Synergistic effects of the jackfruit seed sourced resist-
ant starch and Bifidobacterium pseudolongum subsp. globosum on suppres-
sion of hyperlipidemia in mice. Foods 10:1431. https://doi.org/10.3390/
foods10061431.

79. Surwit RS, Kuhn CM, Cochrane C, McCubbin JA, Feinglos MN. 1988. Diet-
induced type II diabetes in C57BL/6J mice. Diabetes 37:1163–1167. https://
doi.org/10.2337/diab.37.9.1163.

80. Fadrosh DW, Ma B, Gajer P, Sengamalay N, Ott S, Brotman RM, Ravel J. 2014. An
improved dual-indexing approach for multiplexed 16S rRNA gene sequencing
on the Illumina MiSeq platform. Microbiome 2:6. https://doi.org/10.1186/2049
-2618-2-6.

81. Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-Ghalith GA,
Alexander H, Alm EJ, Arumugam M, Asnicar F, Bai Y, Bisanz JE, Bittinger K,
Brejnrod A, Brislawn CJ, Brown CT, Callahan BJ, Caraballo-Rodríguez AM,
Chase J, Cope EK, Silva RD, Diener C, Dorrestein PC, Douglas GM, Durall
DM, Duvallet C, Edwardson CF, Ernst M, Estaki M, Fouquier J, Gauglitz JM,
Gibbons SM, Gibson DL, Gonzalez A, Gorlick K, Guo J, Hillmann B, Holmes
S, Holste H, Huttenhower C, Huttley GA, Janssen S, Jarmusch AK, Jiang L,
Kaehler BD, Kang KB, Keefe CR, Keim P, Kelley ST, Knights D, Koester I,
Kosciolek T, et al. 2019. Reproducible, interactive, scalable and extensible
microbiome data science using QIIME 2. Nat Biotechnol 37:852–857.
https://doi.org/10.1038/s41587-019-0209-9.

82. Robeson MS, II, O’Rourke DR, Kaehler BD, Ziemski M, Dillon MR, Foster JT,
Bokulich NA. 2020. RESCRIPt: reproducible sequence taxonomy reference
database management for the masses. Plos Comput Biol 17:e1009581.
https://doi.org/10.1371/journal.pcbi.1009581.

83. Bokulich NA, Kaehler BD, Rideout JR, Dillon M, Bolyen E, Knight R, Huttley GA,
Caporaso JG. 2018. Optimizing taxonomic classification of marker-gene
amplicon sequences with QIIME 2’s q2-feature-classifier plugin. Microbiome
6:90. https://doi.org/10.1186/s40168-018-0470-z.

84. McMurdie PJ, Holmes S. 2013. phyloseq: an R package for reproducible
interactive analysis and graphics of microbiome census data. PLoS One 8:
e61217. https://doi.org/10.1371/journal.pone.0061217.

Obesity/T2D Gut Microbiota Impact on Osteomyelitis Microbiology Spectrum

March/April 2022 Volume 10 Issue 2 10.1128/spectrum.00170-22 20

https://doi.org/10.1128/mBio.00818-17
https://doi.org/10.1172/JCI126938
https://doi.org/10.1172/JCI126938
https://doi.org/10.1038/s41366-021-00804-7
https://doi.org/10.1038/s41366-021-00804-7
https://doi.org/10.1084/jem.184.3.963
https://doi.org/10.1016/j.ctrv.2017.11.007
https://doi.org/10.1038/srep33123
https://doi.org/10.1038/srep33123
https://doi.org/10.3389/fimmu.2019.02759
https://doi.org/10.1038/ijo.2011.153
https://doi.org/10.1016/j.micpath.2012.05.007
https://doi.org/10.1016/j.micpath.2012.05.007
https://doi.org/10.1016/j.cell.2016.10.043
https://doi.org/10.1016/j.cell.2016.10.043
https://doi.org/10.1093/jn/127.1.130
https://doi.org/10.1093/jn/127.1.130
https://doi.org/10.1128/mBio.02566-18
https://doi.org/10.1016/j.it.2020.09.007
https://doi.org/10.1016/j.chom.2012.11.012
https://doi.org/10.1111/j.1365-2958.2011.07809.x
https://doi.org/10.1038/s41591-019-0640-y
https://doi.org/10.1111/imr.12563
https://doi.org/10.1016/j.tim.2011.01.007
https://doi.org/10.1080/19490976.2020.1730149
https://doi.org/10.1038/oby.2011.111
https://doi.org/10.1038/ismej.2014.45
https://doi.org/10.1038/ismej.2014.45
https://doi.org/10.1002/mnfr.201500249
https://doi.org/10.1172/jci.insight.95997
https://doi.org/10.1093/jn/130.10.2456
https://doi.org/10.1111/j.1476-5381.2012.01856.x
https://doi.org/10.1111/j.1476-5381.2012.01856.x
https://doi.org/10.1038/srep04548
https://doi.org/10.1038/srep04548
https://doi.org/10.1080/09168451.2018.1475211
https://doi.org/10.3390/foods10061431
https://doi.org/10.3390/foods10061431
https://doi.org/10.2337/diab.37.9.1163
https://doi.org/10.2337/diab.37.9.1163
https://doi.org/10.1186/2049-2618-2-6
https://doi.org/10.1186/2049-2618-2-6
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1371/journal.pcbi.1009581
https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.1371/journal.pone.0061217
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.00170-22


85. Lozupone C, Lladser ME, Knights D, Stombaugh J, Knight R. 2011. UniFrac:
an effective distance metric for microbial community comparison. ISME J
5:169–172. https://doi.org/10.1038/ismej.2010.133.

86. Junick J, Blaut M, 2012. Quantification of human fecal Bifidobacterium
species by use of quantitative real-time PCR analysis targeting the groEL
gene. Appl Environ Microbiol 78: 2613–2622. https://doi.org/10.1128/
AEM.07749-11.

87. Foroutan A, Guo AC, Vazquez-Fresno R, Lipfert M, Zhang L, Zheng J,
Badran H, Budinski Z, Mandal R, Ametaj BN, Wishart DS. 2019. Chemical
composition of commercial cow’s milk. J Agric Food Chem 67:4897–4914.
https://doi.org/10.1021/acs.jafc.9b00204.

88. Foroutan A, Fitzsimmons C, Mandal R, Piri-Moghadam H, Zheng J, Guo
A, Li C, Guan LL, Wishart DS. 2020. The bovine metabolome. Metabo-
lites 10:233. https://doi.org/10.3390/metabo10060233.

Obesity/T2D Gut Microbiota Impact on Osteomyelitis Microbiology Spectrum

March/April 2022 Volume 10 Issue 2 10.1128/spectrum.00170-22 21

https://doi.org/10.1038/ismej.2010.133
https://doi.org/10.1128/AEM.07749-11
https://doi.org/10.1128/AEM.07749-11
https://doi.org/10.1021/acs.jafc.9b00204
https://doi.org/10.3390/metabo10060233
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.00170-22

	RESULTS
	Oligofructose decreased S. aureus implant-associated infection severity in obese/T2D mice.
	Oligofructose reduced S. aureus community colonization in the bone.
	Oligofructose downregulates inflammatory signals in obese/T2D mice following infection.
	Oligofructose shifted obese/T2D gut microbiota away from obesity-related dysbiosis.
	Polyamine production increased in response to dietary oligofructose.
	Oral administration of polyamines reduced infection severity similar to oligofructose in obese/T2D mice.

	DISCUSSION
	MATERIALS AND METHODS
	Animals.
	Implant-associated infection model.
	Glucose tolerance test (GTT).
	Soft-tissue abscess size and bacterial burden quantification.
	μCT and osteolysis analysis.
	Histological analysis.
	16S rRNA sequencing.
	16S analysis.
	Quantitative PCR.
	Multiplexed cytokine array.
	Targeted metabolomics.
	In vitro growth curve.
	Statistical analysis.
	Data availability.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

