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Gut microbiota lipopolysaccharide
accelerates inflamm-aging in mice

Kyung-Ah Kim'?, Jin-Ju Jeong', Sul-Young Yoo' and Dong-Hyun Kim'"

Abstract

Background: The constitutive inflammation that characterizes advanced age is termed inflamm-aging. This process
is associated with age-related changes to immune homeostasis and gut microbiota. We investigated the relationship
between aging and gut microbiota lipopolysaccharide (LPS)-inducible inflammation.

Results: A taxonomy-based analysis showed that aging resulted in increased prevalence of the phyla Firmicutes and
Actinobacteria and a reduced prevalence of Bacteroidetes and Tenericutes, resulting in an increase in the Firmicutes to
Bacteroidetes ratio. The levels of plasmatic and fecal lipopolysaccharides were higher in aged mice. Aging induced the
expression of p16 and the activation of nuclear factor-kappa B (NF-kB) in the colon of aged mice. Interestingly, the
expression level of sterile a-motif domain- and HD domain-containing protein 1 (SAMHD?1) in the colon was higher in
aged mice than in young mice, while cyclin-dependent kinase-2 and cyclin E levels were lower in aged mice than in
young mice. The lipopolysaccharide fraction of fecal lysates (LFL) from young or aged mice increased p16 and SAMHD!
expression and NF-kB activation in peritoneal macrophages from wild-type mice, in a TLR4-dependent manner.
However, LFLs did not induce NF-«B activation and SAMHD1 expression in peritoneal macrophages from TLR4-deificent

mice, whereas they significantly induced p16 expression. Nevertheless, p16 expression was induced more potently in
macrophages from WT mice than in macrophages from TLR4-deficient mice.

Conclusion: Aging increased p16 and SAMHD1 expression, gut microbiota LPS production, and NF-kB
activation; thereby, signifying that gut microbiota LPS may accelerate inflamm-aging and SAMHD1 may be an

inflamm-aging marker.

Keywords: Inflamm-aging, Gut microbiota, Lipopolysaccharide, p16, SAMHD

Background

Aging is a degenerative process that is strongly associated
with inflammation. Chronic low-grade inflammation typical
of aging, termed “inflamm-aging”, involves inflammatory
network activation and the release of senescence-associated
factors, including key pro-inflammatory mediators, such as
nuclear factor-kappa B (NF-«xB) [1, 2]. Inflamm-aging may
also be associated with age-related changes to oxidative/
genotoxic stress and gut microbiota composition [3].

In addition to gastrointestinal disease, metabolic disor-
ders, and antibiotic use, aging has also been shown to
affect the gut microbiota composition; the levels of
gut Bifidobacteria decline with age, whereas those of
Clostridium perfringens, Lactobacilli, and Enterococci
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increase with age [4]. This may be salient in the con-
text of inflammation since the composition of the gut
microbiota has been shown to strongly correlate with in-
testinal inflammatory diseases [5]. Despite these observa-
tions, however, the mechanism through which the gut
microbiota composition induces low-grade inflammation
at the molecular level remains unclear.

Cell-cycle regulators have long been considered to play
important roles in the induction of senescence in cultured
cells. Among these molecules, pl6 has recently been
singled out as a suitable marker of senescence in vivo [6].
Senescence is induced by pl6 through inhibition of the
activity of the cyclin-dependent kinases CDK4 and CDK6,
which would otherwise phosphorylate and inactivate the
retinoblastoma tumor suppressor. With age, the expres-
sion of p16 increases in the stem and progenitor cells of
mice and suppresses stem cell proliferation and tissue
regeneration [7-9].
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Recent studies have shown that sterile a-motif domain-
and HD domain-containing protein 1 (SAMHD]1), a cellu-
lar deoxynucleoside triphosphohydrolase related to cell
replication, prevents viral replication by depleting the
cellular deoxynucleoside triphosphate pool available for
reverse transcription of viral DNA [10, 11]. SAMHD]I,
which is highly expressed in non-dividing cells such as
macrophages and dendritic cells [12], regulates cell prolif-
eration by cyclin A2/CDK1 [13]. Furthermore, SAMHD1
is suggested to regulate the cell cycle by the degradation
of cellular ANTP. However, little is known about the func-
tional role of SAMHD]1 within cells.

In this study, we first investigated the composition and
LPS production levels of gut microbiota and protein expres-
sion levels of inflamm-aging markers such as p16, NF-«B,
and SAMHDI1 in young and aged mice and the role of
aging. Furthermore, we investigated the relationship be-
tween aging and gut microbiota LPS-induced inflammation.

Methods
Animals and diets
All experiments were performed in accordance with the
NIH and Kyung Hee University guidelines for Laboratory
Animals Care and Use and approved by the Committee
for the Care and Use of Laboratory Animals at the College
of Pharmacy, Kyung Hee University (KHP-2012-04-1).
Male C57BL/6] mice (4 or 18 months old) and TLR4-
deficient C57BL/10ScN]J mice (4 months old) were pur-
chased from Jackson Laboratory (Bar Harbor, ME, USA).
Each group consisted of eight mice. All mice were housed
in wire cages at 20-22 °C and 50 % + 10 % humidity and
fed 10 kcal % fat diet (D12450B) obtained from Research
Diets, Inc. (New Brunswick, NJ, USA) for 8 weeks. For
biochemical assays, mice were then anesthetized, and
blood samples were collected. The colon was quickly re-
moved, opened longitudinally, gently cleared of stool using
phosphate-buffered saline (PBS), and used for ELISA and
immunoblotting.

DNA extraction, pyrosequencing, and data analysis

Genomic DNA was extracted from four fecal samples of
each group using a commercial DNA isolation kit (QIAamp
DNA Stool Mini Kit, Qiagen, Hilden, Germany) fol-
lowing the manufacturer’s protocol. Amplification of
genomic DNA was performed using barcoded primers
that targeted the V1 to V3 regions of the bacterial 16S
rRNA gene. The sequencing and basic analysis were
performed according to methods described by Chun et al.
[14] and completed by ChunLab Inc. (Seoul, Korea) by
using a 454 GS FLX Titanium Sequencing System (Roche,
Branford, CT, USA). Sequences for each sample were
sorted by a unique barcode and low quality reads (average
quality score <25 or read length <300 bp) were removed.
Sequence reads were identified using the EzTaxon-e

Page 2 of 9

database (http://eztaxon-e.ezbiocloud.net/) on the basis of
16S rRNA sequence data [15]. The number of sequences
analyzed, observed diversity richness (OTU), estimated
OTU richness (ACE and Chaol), and pyrosequencing
coverage were calculated using the Mothur program and
defined considering a cut-off value of 97 % similarity of
the 16S rRNA gene sequences. The distances between mi-
crobial communities from each sample were represented
as an Unweighted Pair Group Method with Arithmetic
Mean (UPGMA) clustering tree describing the dissimilar-
ity between multiple samples. 454 Pyrosquencing reads
were deposited in NCBI’s short read archive (accession
number SRP056060).

Limulus amebocyte lysate assay

Plasma and fecal endotoxin contents were determined
using diazo-coupled limulus amoebocyte lysate (LAL)
assays (Cape Cod Inc., E. Falmouth, MA, USA) accord-
ing to the manufacturer’s protocol. Briefly, plasma was
diluted 1:10 in pyrogen free water, inactivated for 10 min
at 70 °C and then incubated with LAL for 30 min at 37 °C.
Addition of reagents led to formation of a magenta derivative
that absorbed light at 545 nm. For the fecal endotoxin assay,
20 mg of feces from the cecum was placed in 50 mL PBS in a
pyrogen-free tube and sonicated for 1 h on ice. After centrifu-
gation at 400 x g for 15 min, the upper 30 mL was collected,
sterilized by filtration through a 045-um filter, re-filtered
through a 0.22-um filter, and inactivated for 10 min at 70 °C.
The LPS content of the filtered sonicate (LPS fraction of the
fecal lysate, LFL) was then assayed using LAL assay kit.

ELISA and immunoblotting

The concentrations of tumor necrosis factor alpha
(TNFa), interleukin (IL)-1B, and IL-6 in the plasma and
colon were determined using commercial ELISA Kkits
(R&D Systems, Minneapolis, MN, USA). The levels of
pl6, beclin-1, ATG7, LC3, phosphorylated mammalian
target of rapamycin (mTOR), mTOR, phosphorylated p65,
p65, SAMHDI, cyclin E, CDK2, and p-actin proteins in
the colon and collected cells were assayed as previously
described [16]. Immunodetection was performed using an
ECL detection kit (Pierce Co., Rockford, IL, USA).

Isolation and culture of peritoneal macrophages

Peritoneal macrophages from male C57BL/6] mice or
TLR4-deficient mice were isolated as described previously
[16]. Mice were injected intraperitoneally (i.p.) with 2 mL
of 4 % thioglycolate solution. Mice were killed 4 days after
injection and the peritoneal cavities were washed with
10 mL of Roswell Park Memorial Institute (RPMI) 1640
medium. The peritoneal lavage fluids were centrifuged at
200 x g for 10 min and the cells were RPMI 1640 medium
and plated. After incubation for 1 h at 37 °C, the cells were
washed three times and non-adherent cells were removed
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by aspiration. The attached cells were used as peritoneal
macrophages were cultured in 24-well plates (0.5 x 10°
cells/well) at 37 °C in RPMI 1640 containing 10 % fetal
bovine serum.

To examine the inflammatory effects of fecal lysates of
mice, peritoneal macrophages were incubated with 100 pL
of fecal lysates and used for immunoblotting. LPS pur-
chased from Sigma-Aldrich (St. Louis, MO, USA) was
used as standard.

Statistical analysis

The data are expressed as the means + standard errors of
the means. Statistical analysis of the data was performed
with one-way analysis of variance (ANOVA). Differences
with a p value of less than 0.05 were considered statisti-
cally significant.

Results

Gut microbial communities in young and aged mice

We began our investigation by examining the gut micro-
biota from mice at different ages. Cecal samples were
collected from mice maintained for 8 weeks on a normal
(low-fat) diet to investigate changes in the gut microbiota
by pyrosequencing. The number of sequences analyzed,
OTUs, estimated OTU richness (ACE and Chaol), and
pyrosequencing coverage were calculated using Cluster
Database at High Identity with Tolerance (Table 1). De-
creased bacterial richness and diversity were observed in
cecal samples collected from aged mice relative to those
from young mice; however, these differences are not sta-
tistically significant.

Taxonomy-based analysis showed that aging signifi-
cantly modulated the populations of the dominant intes-
tinal microbiota. At the phylum level, decreased levels of
Bifidobacteria, which have been shown to exhibit anti-
inflammatory effects in mice, and increased levels of
Lactobacilli and Enterococci have been reported in elderly
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individuals compared with young adults [4]. In the
present study, aging increased the prevalence of Firmi-
cutes (p=0.002) and Actinobacteria (p=0.034) and
reduced the prevalence of Bacteroidetes (p = 0.003) and
Tenericutes (p =0.038) (Fig. 1a,b), leading to an overall
increase in the Firmicutes to Bacteroidetes ratio (p = 0.002)
in the gut microbiota (Fig. 1c).

At the family level, Allobaculum_f (p=0.002) and
Clostridiaceae (p = 0.039) populations decreased, while
Clostridiales_uc (p =0.04) and EF602759_f (p =0.008,
phylum Bacteroidetes) populations were enriched in
aged mice compared with young mice (Fig. 1b).

At the genus level, there were seven predominant genera.
Six genera were in the phylum Firmicutes and one genus
was in the phylum Bacteroidetes: DQ789121 g (phylum
Firmicutes), Pseudoflavonifractor, EF603943 g (phylum
Firmicutes), Bacteroides, EF603662_g (phylum Firmicutes),
AB626958_g (phylum Firmicutes), and Clostridium_g9.
Collectively, these seven genera accounted for more
than 50 % of the sequences (Table 2). Among the 25
most abundant genera, EF603943_g, Clostridium_g9,
and DQ815556_g of the phylum Firmicutes were enriched,
while AY239469_g and EF406712_g of the phylum Bacter-
oidetes were reduced in aged mice in comparison with
young mice.

We also analyzed the differences in the gut microbiota
composition at the species level (Table 3). EF603943_s
(Erysipelotrichales), F]881142_s (Clostridiales), AY991787_s
(Clostridiales), DQ815350_s (Clostridiales), EF098042_s
(Clostridiales), AB606316_s AB606316_s (Clostridiales) of
the phylum Firmicutes were enriched, while EF406712 s
(Bacteroidales) and EF406368_s (Bacteroidales) of the
phylum Bacteroidetes were reduced in aged mice in com-
parison with young mice.

As shown in Fig. 1d, the samples from different groups
could be readily separated, and four samples from each
group clustered together.

Table 1 Number of sequences analyzed, observed diversity richness (OTU), estimated OTU richness (ACE and Chao1), and coverage

Total reads OTUs ACE Chaol Coverage
YM-1 3826 423 82238 6733 0.95
YM -2 3427 448 994.3 7441 0.94
YM -3 3015 435 1058.9 7816 093
YM -4 3751 449 824.6 6834 0.95
Mean + SEM 3504.8 £369.6 4388+123 9252 +120.1 7206+513 0.94+001
AM -1 4066 479 996.8 7455 0.95
AM -2 3619 385 709.9 580.7 0.96
AM -3 3772 387 7310 681.1 0.96
AM -4 3786 374 7723 640.1 0.96
Mean + SEM 38108+ 186.2 406.3 £48.8 8025+ 132.1 6619+ 694 0.95£0.01

All values are indicated as the mean + standard error of the mean
YM young mice; AM aged mice
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Fig. 1 The composition of intestinal microbiota. The relative contributions of dominant (a) phyla and (b) families (individual samples are shown in the
left panels and pooled samples are shown in the right panels) and (c) the Firmicutes to Bacteroidetes ratio are shown as identified from pyrosequencing
data. d Hierarchical clustering of gut microbial gene expression profiles. The distances between microbial communities from each sample are
represented as an Unweighted Pair Group Method with Arithmetic Mean (UPGMA) clustering tree describing the dissimilarity between multiple samples.
All values are indicated as the mean = standard error of the mean (n=4). * p <0.05 in comparison with young mice. YM, young mice; AM, aged mice

Plasma and fecal endotoxin levels in young and

aged mice

Inflammatory markers such as CD14, which is a LPS-
binding protein in TLR4-linkged NF-«B signaling path-
way, and C-reactive protein increase with advancing ages
[17]. A previously unconsidered source of inflammatory
initiation is the translocation of gut microbiota and their
products, leading to inflammation such as inflammatory
bowel disease.

To understand the role of LPS on the aging in mice,
we measured the LPS levels in young and aged mice.
We detected a significant increase (p < 0.05) in the epi-
didymal fat pad weight/body weight ratio in aged mice
as compared to young mice although there were no sig-
nificant differences in the body weight gain (Fig. 2a).

Next, we evaluated the endotoxin levels in the different
treatment groups to investigate whether changes in gut
microbiota composition with age are correlated with
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Table 2 Difference in the composition (percent of total sequences)
of fecal bacterial genera isolated from young mice and aged mice

Page 5 of 9

Table 3 Difference in the composition (percent of total sequences)
of fecal bacterial species isolated from young mice and aged mice

Composition” (%)

Genus YM AM

Composition (%)
Species YM AM

DQ789121_g (Clostridiales) 1.64+£195 0.72£1.05
Pseudoflavonifractor 592+179 747 £892
EF603943_g (Allobaculum) 403+4.16 1768+391"
Bacteroides 1296 +548 5.88+3.07
EF603662_g (Clostridiales) 1536+ 1273 5.86£5.30
AB626958_g (Clostridiales) 766 +6.59 1049 £8.53
Clostridium_g9 250+ 152 516+052"
Oscillibacter 360+ 1.65 564+ 159
Helicobacter 1.74+1.11 130+ 194
HM124280_g (Bacteroidales) 431 +249 340+ 149
Clostridium_g4 0.27£0.31 117 +067
Alistipes 3.59+1.03 289+1.25
EF602759_g (Bacteroidales) 231105 193+0.14
AY239469_g (Bacteroidales) 3.59+094 185+ 105
DQ815907_g (Desulfovibrionales) 326+ 1.20 223+137
Alloprevotella 201 +£1.31 094 +0.56
EF406806_g (Bacteroidales) 130+0.82 1.89+0.54
EF406712_g (Bacteroidales) 264 +058 0874019
DQ815556_g (Clostridiales) 0.25+0.10 1384075
Lachnospiraceae_uc 1.70£0.52 096 +£0.52
DQ789117_g (Clostridiales) 023+0.16 1694052
Acetatifactor 024+013 1444046
Akkermansia 0.01+0.03 nd
AB626943_g (Clostridiales) 225+3.16 0.15+0.19
EU006213_g (Clostridiales) 0.08+0.10 046+091

EU510908_s (Clostridiales) 020+0.28 0.05+0.04
EF603943_s (Erysipelotrichales) 401 +4.14 1759+391"
EF603662_s (Clostridiales) 1525+ 1268 583+526
DQ789121_s (Clostridiales) 0.07+0.08 0.04 +0.03
AB599946_s (Bacteroidales) 6.81 +4.60 485+3.75
EU504374_s (Clostridiales) 0.07+£0.10 8.88+£8.54
FJ881142_s (Clostridiales) 027 +0.30 1.11+061
GQ157662_s (Bacteroidales) 413+253 3.14+156
AB626958_g_uc (Clostridiales) 597 +5.16 038+0.27
EU504931_s (Clostridiales) 1.03+0.29 113+0.14
Helicobacter hepaticus 0.01+0.01 130+ 1.94
EF097240_s (Bacteroidales) 200+ 1.31 093 +£0.56
EF096080_s (Desulfovibrionales) 321+1.19 218+ 146
EF406368_s (Bacteroidales) 3.52+095 163+1.14"
AF157051_s (Clostridiales) 0.56+047 1.92 +£1.04
Bacteroides acidifaciens 124101 0.84+£095
Bacteroides vulgatus 435+359 nd
EF406712_s (Bacteroidales) 256+0.52 085+0.19"
AY991787 s (Clostridiales) 0.07 +£0.04 073+0.16"
Lachnospiraceae_uc_s 1.70+0.52 096 +0.52
EF603688_s (Bacteroidales) 194 +£083 113+£143
JQ083832_s (Clostridiales) 0.52+£041 0.76 £0.27
DQ815350_s (Clostridiales) 0.03 £0.04 158+057"
EF098042_s (Clostridiales) 0.07+£0.13 091+056
AB606316_s (Clostridiales) 0.13+£0.15 156+057"

All values are indicated as the mean + standard error of the mean
YM young mice; AM aged mice, nd not detectable
“p <0.05 in comparison with young mice

systemic endotoxemia. As shown in Fig. 2b, the fecal
endotoxin levels in aged mice were higher than those in
young mice. We also detected significantly higher sys-
temic endotoxin levels in aged mice as compared to
young mice.

Expression levels of p16, cell cycle regulators, and
SAMHD1 in young and aged mice

Next, we measured the levels of pl6, a senescence
marker [6, 7], and cyclin E and CDK2, the G1/S-specific
cell cycle regulators [18]. As indicated in Fig. 3, the ex-
pression of pl6 was higher, while the expression levels
of cyclin E and CDK2 were suppressed in aged mice
relative to that in young mice. We also observed that ac-
tivation of NF-kB and mTOR were stronger in aged
mice than in young mice. Interestingly, concurrent with
the increased expression of pl6, the colonic expression

All values are indicated as the mean =+ standard error of the mean
YM young mice; AM aged mice, nd not detectable
“p <0.05 in comparison with young mice

of SAMHDI1 was increased in aged mice relative to that
in young mice.

To investigate whether higher levels of lipopolysacchar-
ide (LPS) may trigger increased expression of pl6 and
SAMHDI1, we treated peritoneal macrophages isolated
from young mice with LPS ex vivo. We found that LPS in-
creased the expression of p16 and SAMHD1 (Fig. 4).

LFL increased SAMHD1 expression and inflammation in
isolated macrophages

To investigate whether intestinal bacterial endotoxin could
induce p16 and SAMHD1 expression, we isolated periton-
eal macrophages from wild-type (WT) and TLR4-deficient
mice and incubated them with fecal lysates from young
and aged mice. The LFLs from aged mice induced greater
pl6 and SAMHDI expression in peritoneal macrophages
from WT mice than did those from young mice when the
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isolated peritoneal macrophages were treated with dif-
ferent concentrations of LPS (Fig. 5 top). However,
when peritoneal macrophages from TLR4-deficient
mice were incubated with LFLs, they slightly but not
significantly increased NF-kB activation and SAMHD1
expression, whereas they significantly induced p16 ex-
pression (Fig. 5 bottom). Nevertheless, pl6 expression
was induced more potently in macrophages from WT
mice than in macrophages from TLR4-deficient mice.

Moreover, the difference of p16 and SAMHDI1 expres-
sion NF-kB activation between young and aged mice
was not significant.

Discussion

The human body inevitably fails due to aging. Although
aging is not generally considered a disease unto itself, it
facilitates inflammation, which may trigger aggressive de-
generative diseases [19, 20]. Moreover, continued low-grade
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Fig. 3 Effects of aging on inflammation, p16, cell cycle-regulators, and SAMHD?1 levels in the colon of young and aged mice. Western blot
analysis was performed on colon lysates from young mice or aged mice. All values are indicated as the mean + standard error of the mean
(n=8). YM, young mice; AM, aged mice
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Fig. 4 Effects of LPS on SAMHD?1 expression in peritoneal macrophages.
Peritoneal macrophages from mice were incubated with 10, 50, or
100 ng/mL lipopolysaccharides and used for immunoblotting. All
values are indicated as the mean =+ standard error of the mean (n = 3).
YM, young mice; AM, aged mice

inflammation typical of aging, called “inflamm-aging”
[21], may be the result of age-related changes in the
community composition of the gut microbiota [3]. De-
creased levels of Bifidobacteria, which has been shown
to exhibit anti-inflammatory effects in mice, and in-
creased levels of Lactobacilli and Enterococci have been
reported in elderly individuals in comparison with
young adults [4]. Hopkins et al. [22] reported that both
Bifidobacteria and Lactobacilli levels were lower in elderly
individuals than in young adults, whereas there were no
differences in Bacteroides and Eubacterium levels. More-
over, the composition of the gut microbiota in the elderly
is extremely variable between individulals [23, 24]. Others
have reported higher levels of Ruminococcus and Bifido-
bacteria and lower levels of Bacteroides and Eubacterium
in the elderly than in their younger counterparts [25, 26].
In this study, aging resulted in an increase in the
phyla Firmicutes and Actinobacteria and a reduction in
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Bacteroidetes and Tenericutes, leading to an increase in
the Firmicutes to Bacteroidetes ratio in the gut micro-
biota. Recently, Mariat et al. [27] reported that the
Firmicutes to Bacteroidetes ratio evolves during different
life stages in humans, with measured ratios of 0.4, 10.9, and
0.6 in infants, adults, and the elderly, respectively. These re-
sults suggest that the aging process may modify the com-
position of the gut microbiota in both animals and humans.

Recent studies have provided evidence that the gut
microbiota may play an important role in the aging
process, and imbalances between the pro-inflammatory
and anti-inflammatory networks in the gut microbiota
may result in low-grade chronic inflammation [28-30].
Additionally, aging induces the production of gut micro-
biota LPS in animals and humans [28-30]. Moreover,
inflammatory markers such as LPS-binding proteins
increase with advancing ages in healthy persons [17].
These support that the gut microbiota LPS facilitates
low grade inflammatory status [30, 31].

In this study, we also found that fecal and systemic
endotoxin levels were higher in aged mice than in young
mice. Furthermore, NF-«B activation and p16 expression
were stronger in the colon of aged mice. These results
indicated that advancing age could disrupt gut microbiota,
increase gut microbiota LPS production, cause intestinal
inflammation, increase the intestinal permeability of LPS,
and then generate and/or accelerate systemic endotoxemia
and inflammation. Moreover, Stehle et al. [17] reported
that inflammatory markers such as LPS-binding proteins
in the blood of healthy persons increase with advancing
ages. These results are supported by the previous reports
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that gut microbiota-induced endotoxemia is coupled with
increased NF-kB activation [30, 31].

The stimulation of LPS induces SAMHDI1 expression
in the macrophages [32]. SAMHDI1 regulates cell pro-
liferation by depleting the cellular ANTP pool [12, 13].
In the present study, we also found that commercial
LPS and LFLs, the LPS fraction of gut microbiota of
mice, induced a much greater increase in SAMHDI1
and pl6 expression in the isolated peritoneal macro-
phages from WT mice. SAMHDI1 and pl6 expression
was induced more potently by the LFL from aged mice
than by that from young mice. These results suggested
that aging could induce the production of gut microbiota
LPS production and the LPS produced by the gut micro-
biota from aged mice induce SAMHD1 and pl6 expres-
sion more potent than that from young mice. However,
when the peritoneal macrophages from TLR4-deficient
mice were stimulated with the LFLs from young and aged
mice, SAMHDI1 expression and NF-kB activation slightly
but not significantly induced by the LFLs. However, the
LFLs induced the expression of p16, which was weaker in
the macrophages from wild-type than in the macrophages
from TLR4-dificent mice. Moreover, the induction of
pl6 expression was different between the LFLs from
young and aged mice. Additionally, Stehle et al. [17] re-
ported that LPS-binding proteins such as CD14 in the
blood of healthy persons increase with advancing ages.
These results suggest that the SAMHDI1 and pl6 ex-
pression may be LPS-inducible through the LPS-TLR4-
dependent signal pathway.

Furthermore, we found that the expression of cyclin E
and CDK2, G;/S-specific regulators, decreased in aged
mice more than in young mice. Recently, Franzolin et al.
[33] reported that SAMHDI1 is a major regulator of
DNA precursor pools in mammalian cells and is variably
expressed during the cell cycle, maximally during quies-
cence, and minimally during the S-phase. Furthermore,
St Gelais et al. [34] also reported several SAMHDI-
interacting cellular proteins such as cyclin A2, cyclin Bl,
CDK1, and CDK2 to play an important role in HIV-1
restriction function. These results suggest that age-
induced induction of SAMHD1 may be associated with
cell cycle regulation by modulating the levels of G;/S-
specific regulators.

Conclusion

These results indicated that aging could accelerate
inflamm-aging by inducing pl6 and SAMHDI expres-
sion and NF-kB activation in mice via increasing gut
microbiota LPS levels. In the present study, we demon-
strated that SAMHDI1 expression increased in aged
mice burdened with inflammation, or an inflamm-aging
condition, suggesting that SAMHD1 could serve as a
novel marker of inflamm-aging in mice.

Page 8 of 9

Competing interests
The authors declared that they have no competing interests.

Authors’ contributions

KAK participated in the design of the study, analysis and interpretation of
data. JJJ and SYY carried out the isolation and culture of peritoneal
macrophages, ELISA and immunoblotting. DHK conceived of the study and
participated in its design and analysis of data. All authors read and approved
the final manuscript.

Acknowledgment

This study was supported by grants from the Bio & Medical Technology
Development Program (2013M3A9B6076413) of the National Research
Foundation (NRF) funded by the Korean government (MSIP).

Author details

1Departmem of Life and Nanopharmaceutical Sciences, College of Pharmacy,
Kyung Hee University, 1, Hoegi, Dongdaemun-ku, Seoul 130-701, Korea.
ZDepartmem of Food and Nutrition, Song Won University, 73, Songamro,
Nam-gu, Gwangju 503-742, Korea.

Received: 4 September 2015 Accepted: 8 January 2016
Published online: 16 January 2016

References

1. Candore G, Caruso C, Colonna-Romano G. Inflammation, genetic background
and longevity. Biogerontology. 2010;11:565-73.

2. Franceschi C, Bonafé M, Valensin S, Olivieri F, De Luca M, Ottaviani E, et al.
Inflamm-aging. An evolutionary perspective on immunosenescence. Ann N
Y Acad Sci. 2000;,908:244-54.

3. Biagi E, Candela M, Fairweather-Tait S, Franceschi C, Brigidi P. Aging of the
human metaorganism: the microbial counterpart. Age (Dordr). 2012,34:247-67.

4. Mitsuoka T. Bifidobacteria and their role in human health. J Ind Microbiol.
1990,6:263-7.

5. Kamada N, Seo SU, Chen GY, Nufez G. Role of the gut microbiota in immunity
and inflammatory disease. Nat Rev Immunol. 2013;13:321-35.

6. Krishnamurthy J, Torrice C, Ramsey MR, Kovalev Gl, Al-Regaiey K, Su L, et al.
Ink4a/Arf expression is a biomarker of aging. J Clin Invest. 2004;114:1299-307.

7. Krishnamurthy J, Ramsey MR, Ligon KL, Torrice C, Koh A, Bonner-Weir S, et al.
p16INK4a induces an age-dependent decline in islet regenerative potential.
Nature. 2006:443:453-7.

8. JanzenV, Forkert R, Fleming HE, Saito Y, Waring MT, Dombkowski DM, et al.
Stem-cell ageing modified by the cyclin-dependent kinase inhibitor
p16INK4a. Nature. 2006;443:421-6.

9. Molofsky AV, Slutsky SG, Joseph NM, He S, Pardal R, Krishnamurthy J, et al.
Increasing p16INK4a expression decreases forebrain progenitors and
neurogenesis during ageing. Nature. 2006;443:448-52.

10. Lahouassa H, Daddacha W, Hofmann H, Ayinde D, Logue EC, Dragin L, et al.
SAMHD1 restricts the replication of human immunodeficiency virus type 1
by depleting the intracellular pool of deoxynucleoside triphosphates.

Nat Immunol. 2012;13:223-8.

11. Powell RD, Holland PJ, Hollis T, Perrino FW. Aicardi-Goutieres syndrome
gene and HIV-1 restriction factor SAMHD1 is a dGTP-regulated deoxynucleotide
triphosphohydrolase. J Biol Chem. 2011;286:43596-600.

12. Schmidt S, Schenkova K, Adam T, Erikson E, Lehmann-Koch J, Sertel S, et al.
SAMHD1's protein expression profile in humans. J Leukoc Biol. 2015,98:5-14.

13.  Cribier A, Descours B, Valaddo AL, Laguette N, Benkirane M. Phosphorylation
of SAMHD1 by cyclin A2/CDK1 regulates its restriction activity toward HIV-1.
Cell Rep. 2013;3:1036-43.

14. Chun J, Kim KY, Lee JH, Choi Y. The analysis of oral microbial communities
of wild-type and toll-like receptor 2-deficient mice using a 454 GS FLX
Titanium pyrosequencer. BMC Microbiol. 2010;10:101.

15. Kim OS, Cho YJ, Lee K, Yoon SH, Kim M, Na H, et al. Introducing EzTaxon-e:
a prokaryotic 16S rRNA gene sequence database with phylotypes that
represent uncultured species. Int J Syst Evol Microbiol. 2012,62:716-21.

16. Joh EH, Kim DH. Kalopanaxsaponin A ameliorates experimental colitis in
mice by inhibiting IRAK-1 activation in the NF-kappaB and MAPK pathways.
Br J Pharmacol. 2011;162:1731-42.

17. Stehle Jr JR, Leng X, Kitzman DW, Nicklas BJ, Kritchevsky SB, High KP.
Lipopolysaccharide-binding protein, a surrogate marker of microbial



Kim et al. BMC Microbiology (2016) 16:9 Page 9 of 9

translocation, is associated with physical function in healthy older adults. J
Gerontol A Biol Sci Med Sci. 2012,67:1212-8.

18.  Keller C, Krude T. Requirement of Cyclin/Cdk2 and protein phosphatase 1
activity for chromatin assembly factor 1-dependent chromatin assembly
during DNA synthesis. J Biol Chem. 2000;275:35512-21.

19.  Haigis MC, Yankner BA. The aging stress response. Mol Cell. 2010;40:333-44.

20. Partridge L. Some highlights of research on aging with invertebrates. Aging
cell. 2011;10:5-9.

21. Boren E, Gershwin ME. Inflamm-aging: autoimmunity, and the immune-risk
phenotype. Autoimmun Rev. 2004;3:401-6.

22. Hopkins MJ, Sharp R, Macfarlane GT. Age and disease related changes in
intestinal bacterial populations assessed by cell culture, 165 rRNA abundance,
and community cellular fatty acid profiles. Gut. 2001,48:198-205.

23.  Claesson MJ, Cusack S, O'Sullivan O, Greene-Diniz R, de Weerd H, Flannery E,
et al. Composition, variability, and temporal stability of the intestinal microbiota
of the elderly. Proc Natl Acad Sci U S A. 2011;108 Suppl 1:4586-91.

24, Claesson MJ, Jeffery 1B, Conde S, Power SE, O'Connor EM, Cusack S, et al.
Gut microbiota composition correlates with diet and health in the elderly.
Nature. 2012;488:178-84.

25.  Harmsen HJ, Wildeboer-Veloo AC, Grijpstra J, Knol J, Degener JE, Wekkubg GW.
Development of 165 rRNA-based probes for the Coriobacterium group and the
Atopobium cluster and their application for enumeration of Coriobacteriaceae
in human feces from volunteers of different age groups. Appl Environ Microbiol.
2000,66:4523-27.

26. HeT, Harmsen HJ, Raangs GC, Welling GW. Composition of faecal microbiota
of elderly people. Microb Ecol Health Dis. 2003;15:153-9.

27. Mariat D, Firmesse O, Levenez F, Guimardes V, Sokol H, Doré J, et al. Furet JP
The Firmicutes/Bacteroidetes ratio of the human microbiota changes with
age. BMC Microbiol. 2009;9:123.

28. Ghosh S, Lertwattanarak R, Gardufo JD, Galeana JJ, Li J, Zamarripa F, et al.
Elevated Muscle TLR4 Expression and Metabolic Endotoxemia in Human
Aging. J Gerontol A Biol Sci Med Sci. 2014;70(2):232-46.

29.  Gkouskou KK, Deligianni C, Tsatsanis C, Eliopoulos AG. The gut microbiota in
mouse models of inflammatory bowel disease. Front Cell Infect Microbiol.
2014:4:28.

30. Jeong JJ, Kim KA, Jang SE, Woo JY, Han MJ, Kim DH. Orally administrated
lactobacillus pentosus var. plantarum C29 ameliorates age-dependent colitis
by inhibiting the nuclear factor-kappa B signaling pathway via the
regulation of lipopolysaccharide production by gut microbiota. PLoS One.
2015;10:e0116533.

31. Kim KA, Gu W, Lee IA, Joh EH, Kim DH. High fat diet-induced gut microbiota
exacerbates inflammation and obesity in mice via the TLR4 signaling
pathway. PLoS One. 2012;7, e47713.

32, Lafuse WP, Brown D, Castle L, Zwilling BS. Cloning and characterization of a
novel cDNA that is IFN-gamma-induced in mouse peritoneal macrophages
and encodes a putative GTP-binding protein. J Leukoc Biol. 1995;57:477-83.

33. Franzolin E, Pontarin G, Rampazzo C, Miazzi C, Ferraro P, Palumbo E, et al.
The deoxynucleotide triphosphohydrolase SAMHD1 is a major regulator of
DNA precursor pools in mammalian cells. Proc Natl Acad Sci. 2012;110:
14272-7.

34. St Gelais C, de Silva S, Hach JC, White TE, Diaz-Griffero F, Yount JS, et al.
Identification of cellular proteins interacting with the retroviral restriction
factor SAMHD?. J Virol. 2014;88(10):5834-44.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at .
www.biomedcentral.com/submit () BiolMed Central




	Abstract
	Background
	Results
	Conclusion

	Background
	Methods
	Animals and diets
	DNA extraction, pyrosequencing, and data analysis
	Limulus amebocyte lysate assay
	ELISA and immunoblotting
	Isolation and culture of peritoneal macrophages
	Statistical analysis

	Results
	Gut microbial communities in young and aged mice
	Plasma and fecal endotoxin levels in young and aged mice
	Expression levels of p16, cell cycle regulators, and SAMHD1 in young and aged mice
	LFL increased SAMHD1 expression and inflammation in isolated macrophages

	Discussion
	Conclusion
	Competing interests
	Authors’ contributions
	Acknowledgment
	Author details
	References



