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Recently, we demonstrated that colonic 
and adipose expression of SAA3 was 

modulated by the gut microbiota and 
Toll-like receptor signaling in mice. We 
observed that SAA3 was expressed by 
colonic epithelial cells and that its expres-
sion was induced in a murine colonocyte 
cell line following lipopolysaccharide 
stimulation and nuclear NFκB translo-
cation. In this addendum, we extend this 
initial study and suggest that SAA3 (1) 
resembles human SAA1 both in amino 
acid homology and tissue distribution, 
(2) appears to have autocrine or para-
crine effects rather than endocrine, and 
(3) binds to bacteria within the gastro-
intestinal tract. Although speculative, 
these observations raise the possibility 
that SAA3 may promote local inflamma-
tion in adipose tissue that affects insulin 
signaling and also function as an antimi-
crobial agent in the colon.

Introduction

Humans evolved in a world dominated 
by microbes and evidence suggests that 
microrganisms have inhabited metazoan 
guts for at least 100 million years.1 Unlike 
foreign infectious microorganisms, these 
bacteria have evolved extraordinary capa-
bilities that are vital to human health (e.g., 
the production of vitamins and xenobiotic 
metabolism). However, not all microbial 
functions are beneficial: the gut micro-
biota can be considered an environmen-
tal factor that promotes obesity and may 
influence insulin resistance.2-6 These phe-
notypes could be caused by distinct mech-
anisms affected by the gut microbiota 

such as increased energy harvest from the 
diet, altered lipid metabolism, modulation 
of enteroendocrine cells, and by increasing 
the inflammatory tone of host tissues.7,8

Microbial diversity is reduced in 
obese individuals, especially with respect 
to members of Bacteroidetes,6 a micro-
bial phenotype also observed in patients 
with inflammatory bowel disease (IBD).9 
Together these observations suggest that 
the gut microbiota is like a finely tuned 
organ that, when perturbed (i.e., when 
diversity is reduced or when deleteri-
ous microbes become more abundant), 
may lead to disease. Animal models of 
inflammatory IBD indicate that intestinal 
inflammation is dependent on the pres-
ence of the intestinal microbiota,10 sug-
gesting that the normal gut microbiota is 
an important contributor to IBD. To date, 
there is little information about microbial 
regulation of host genes within and out-
side the intestine. In our original report, 
we demonstrated that colonic and adipose 
expression of the acute phase reactant 
serum amyloid A3 (SAA3) was medi-
ated by the gut microbiota and that intact 
MyD88 signaling was required for this 
induction in conventionally-raised mice.11

Microbial Regulation of SAA3  
Expression in Adipose Tissue

SAA3 is expressed in adipocytes and sev-
eral other cell types and its expression is 
increased in adipose tissue of genetically 
diabetic (db/db) mice compared to wild 
type controls.12 In our original report, 
we selected SAA3 after identifying it as a 
microbially-regulated gene in a small-scale 
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can directly induce SAA3 expression, 
likely via a TLR4/NFκB-dependent path-
way.11 It should be noted that we did not 
observe SAA3 in serum obtained from the 
portal vein by performing proteomic anal-
yses, suggesting a local role for SAA3 in 
the colon (see below). In contrast SAA1, 2 
and 4 were observed in all conventionally 
raised mice assayed (n = 5). Interestingly, 
SAA1 and 4, but not SAA2 was identi-
fied in GF mice. Thus SAA3 may have 
auto- and/or paracrine functions whereas 
the others have endocrine functions. Our 
findings are in agreement with a recent 
publication that identified SAA1, SAA2 
and SAA4 in the peripheral circulation of 
CONV-R mice.19

Potential Antimicrobial Role  
of SAA3 in the Intestine

Interestingly, SAA3 may be present in the 
contents of colonic goblet cells (Fig.  1) 
and, in fact, interact with bacteria in the 
gut lumen (Fig. 2). This staining pat-
tern was absent in negative controls where 
primary antibody treatments were omit-
ted (data not shown). However, goblet 
cell contents staining positive for SAA3 
were only observed in C57Bl/6 mice and 
not the Swiss-Webster strain (data not 
shown); this strain difference is currently 
not understood. Packaging of SAA3 into 
secretory granules and release into the gut 
lumen with colonic mucins would provide 
a cellular mechanism for how SAA3 can 
interact with the gut microbiota.

Direct interaction between SAA1 and 
OmpA,20 an abundant outer membrane 
protein found on gram-negative bacte-
ria, suggests that SAAs may function as 
opsonins in the gut, although this remains 
to be demonstrated. Moreover, SAA3 has 
been reported to be secreted by bovine, 
equine and ovine mammary tissues into 
colostrums21 and by human mammary 
epithelial cells in culture.22 Although 
speculative, SAA3 may play an impor-
tant role in modulating the microbiota 
in the gut lumen of infants. For example, 
treatment of cultured intestinal epithelial 
cells with a recombinant human SAA3 
peptide was shown to induce mucin 3 
(MUC3) expression and significantly 
reduce the binding of enteropathogenic 
E. coli.23

microbial and endogenous molecules it 
is difficult to elucidate the mechanistic 
impact of specific microbial products in 
vivo.

SAA3 as a Mediator of Metabolic 
Inflammation in Adipose Tissue—
Functional Similarity with Human 

SAA1

We showed a significant upregulation of 
SAA3 but not SAA1 and 2 in adipose 
tissue from CONV-R compared with 
GF mice. Comparison of the amino 
acid sequence alignments of SAA iso-
forms in mice and humans demonstrated 
that mouse SAA3 is most similar to the 
human isoform SAA1 (70% amino acid 
identity).11 SAA1 and SAA2 expression 
is restricted to the liver, intestine and 
kidneys whereas SAA3 is more widely 
expressed in mouse tissues.13,16 In con-
trast, SAA1 is expressed in human adi-
pocytes and its expression is increased 
in hypertrophic adipocytes from obese 
individuals.17 Thus we speculated that 
mouse SAA3, which is upregulated in 
the adipose tissue of obese mice,18 might 
be functionally similar to human SAA1 
and perhaps represent a link between 
low-grade inflammation and metabolic 
diseases associated with obesity such as 
insulin resistance. Further elucidation of 
cell-specific expression of SAA homologs 
in mice and humans could help to deci-
pher whether different isoforms have 
overlapping functions in different mam-
malian species. Development of tissue-
specific knockout mouse lines could be 
an important tool in investigating the 
specific roles of SAAs in intestinal tis-
sues, macrophages or adipocytes.

Microbial Regulation of SAA3 
Expression in the Colon

SAA3 expression is associated with 
increased microbial colonization (i.e., 
highest intestinal expression is found in 
the microbe-rich colon) and we observed 
strong microbial induction of SAA3 in 
the colon.11 Immunohistochemical analy-
sis confirmed macrophages and epithe-
lial cells were cellular sources of SAA3. 
Stimulating cultured colonocytes with 
LPS revealed that microbial components 

qRT-PCR screen of adipose tissue.11 Since 
intraperitoneal injections of purified 
lipopolysaccharide (LPS) increases adipose 
expression of SAA3,13 we hypothesized 
that the gut microbiota may induce sig-
naling through Toll-like receptors (Tlrs), 
which recognizes conserved microbial 
structures such as LPS.14 Indeed, we found 
that SAA3 expression was elevated in adi-
pose tissue from wild-type compared with 
Myd88-/- mice.11 MyD88 is required for 
downstream signaling of most Tlrs14 but 
is also required for IL-1 and IL-18 signal-
ing, thus we cannot exclude the possibil-
ity that SAA3 expression was induced by 
microbial-induction of IL-1 and IL-18.15 
Moreover, the gut microbiota modulates 
serum triglyceride and phosphatidylcho-
line levels, which may further promote 
proinflammatory signaling via Tlrs. 
Because MyD88 is required for intracel-
lular signaling upon stimulation of both 

Figure 1. Goblet cells express SAA3. SAA3-
positive goblet cells in colon from high-fat fed 
C57Bl6/J mice. Scale bar = 100 µm.

Figure 2. Colonic bacteria bind SAA3. 
Luminal bacteria located near the colonic 
epithelium stain positive for SAA3 (arrow). 
Scale bar = 10 µm.
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Conclusion

SAAs are acute phase reactants with ubiq-
uitous functions.24 In our original publi-
cation we identified the gut microbiota as 
an important modulator of SAA3 expres-
sion in both adipose and colonic tissues. 
However, in contrast to other SAAs, SAA3 
may have predominantly autocrine and/or 
paracrine functions and promote inflam-
mation by both activating TLR4,25 and 
acting as monocyte chemoattractant.26 
Here, we also speculate that SAA3 could 
have antibacterial effects. There are several 
important questions to answer: do all bac-
terial strains of the gut microbiota induce 
SAA3? Could certain microbes suppress 
SAA3 expression? Is SAA3 antibacterial? 
Could SAA isoforms function as diagnos-
tic biomarkers or drug targets for meta-
bolic therapies? We have demonstrated 
potent microbial regulation of SAA3, 
which also is regulated by Tlr-signaling; 
however, much work remains to elucidate 
the function of this molecule.
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