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Abstract

Immune components can bridge inflammatory triggers to metabolic dysfunc-
tion. Scavenger receptors sense lipoproteins, but it is not clear how different
scavenger receptors alter carbohydrate metabolism during obesity. Macrophage
scavenger receptor 1 (MSR1) and macrophage receptor with collagenous
structure (MARCO) are scavenger receptors that have been implicated in
lipoprotein metabolism and cardiovascular disease. We assessed glucose con-
trol, tissue-specific insulin sensitivity, and inflammation in Msrl- and Marco-
deficient mice fed with obesogenic diets. Compared to wild-type (WT) mice,
Msr1~'~ mice had worse blood glucose control that was only revealed after
diet-induced obesity, not in lean mice. Obese Msrl ~/~ mice had worse insu-
lin-stimulated glucose uptake in the adipose tissue, which occurred in the
absence of overt differences in adipose inflammation compared to obese WT
mice. Msrl deletion worsened dysglycemia independently from bacterial cell
wall insulin sensitizers, such as muramyl dipeptide. MARCO was dispensable
for glycemic control in obese mice. Oral administration of the polysaccharide
fucoidan worsened glucose control in obese WT mice, but fucoidan had no
effect on glycemia in obese Msr1~'~ mice. Therefore, MSRI is a scavenger
receptor responsible for changes in glucose control in response to the environ-
mental ligand fucoidan. Given the interest in dietary supplements and natural
products reducing inflammation or insulin resistance in metabolic disease
during obesity, our results highlight the importance of understanding which
ligand-receptor relationships promote versus those that protect against meta-
bolic disease factors. Our results show that ligand or gene targeting of MSR1
exacerbates insulin resistance in obese mice.
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Scavenger Receptors Alter Glucose

Introduction

Low-grade chronic inflammation can contribute to
aspects of the metabolic syndrome, including altered
endocrine control of metabolism. Inflammation can
reduce the ability of insulin to alter carbohydrate metabo-
lism in tissues that can lower blood glucose, which is
often called insulin resistance (Hotamisligil et al. 1993,
1995). Higher levels of circulating and tissue-resident
cytokines, chemokines, and proinflammatory immune
cells are typically associated with tissue insulin resistance,
which is a factor that predicts and participates in whole
body dysglycemia (Hotamisligil et al. 1993, 1995; Wellen
and Hotamisligil 2005). For example, increased numbers
of adipose tissue-resident macrophages and inflammatory
cytokines coincide with obesity-related adipose tissue
expansion (Hotamisligil et al. 1993; Weisberg et al. 2003).
Furthermore, increased adipose-resident macrophages are
polarized to an inflammatory phenotype during obesity
and adipose-resident macrophages that are skewed toward
proinflammatory characteristics correlate with body mass
index (BMI) and indices of insulin resistance (Weisberg
et al. 2003; Xu et al. 2003).

Innate and adaptive immune responses in the adipose
tissue and the intestine have been shown to connect
inflammation with insulin resistance (Winer and Winer
2012; McPhee and Schertzer 2015; Winer et al. 2016).
Many sources of this metabolic inflammation have been
characterized, including microbial or dietary components
(Cani et al. 2007; Oliveira et al. 2013; Chi et al. 2014;
Henriksbo et al. 2014; Caesar et al. 2015), endogenous
metabolites (Mills et al. 2016; Liu et al. 2017), xenobiotics
(Pestana et al. 2017), and therapeutic drugs (Henriksbo
et al. 2014; Henriksbo and Schertzer 2015). Pattern recog-
nition receptors (PRR) can bridge potential triggers of
inflammation to metabolic outcomes by acting as sensors
of pathogen-associated molecular patterns (PAMPs) and/
or damage-associated molecular patterns (DAMPs). There
are many examples of PRRs propagating metabolic
inflammation and promoting insulin resistance and
defects in carbohydrate metabolism during aging, obesity,
or other stressors (Shi et al. 2006; Schertzer et al. 2011;
Vandanmagsar et al. 2011; Henriksbo et al. 2014; Bauern-
feind et al. 2016; McBride et al. 2017). However, some
PRRs protect against metabolic inflammation and insulin
resistance during obesity (Denou et al. 2015; Cavallari
et al. 2017). It has now been shown that PRRs can repro-
gram cellular metabolism and propagate inflammation as
opposed to being direct sensors for obesity-associated
inflammatory “ligands”, such as saturated fatty acids
(Lancaster et al. 2018). There is still much to learn about
how obesity-related triggers of inflammation engage
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elements of the immune system to alter cellular and sys-
temic metabolism.

PRRs can respond to ingested nutrients and scavenger
receptors are well known as receptors for various lipopro-
teins (Parthasarathy et al. 1986; Babitt et al. 1997; Feb-
braio et al. 1999). For example, the Class B scavenger
receptor SCARB1 has been implicated in lipoprotein
metabolism and the Class B scavenger receptor SCARB3/
CD36 has been implicated in long-chain fatty acid meta-
bolism (Babitt et al. 1997; Febbraio et al. 1999). Class A
scavenger receptors have shown to detect and respond to
modified low-density lipoproteins (mLDL) (Parthasarathy
et al. 1986). It is clear that different scavenger receptors
are involved in macrophage foam cell formation,
atherosclerosis, and cardiovascular disease (Ben et al.
2015; Zani et al. 2015), but the role of these scavenger
receptors in glucose metabolism is not as well defined.

Macrophage scavenger receptor 1 (MSR1) and macro-
phage receptor with collagenous structure (MARCO) are
Class A scavenger receptors and these PRRs are predomi-
nantly expressed in macrophages (Bowdish and Gordon
2009). MSR1 and MARCO sense lipoproteins that have
been implicated in cardiovascular disease, but the roles
for different Class A scavenger receptors in carbohydrate
metabolism and insulin resistance are ill-defined. Despite
the connection between cardiovascular disease and dia-
betes, the roles of these scavenger receptors may be dis-
tinct to glucose metabolism. It is known that deletion of
Msrl attenuates macrophage uptake of mLDL and limits
atherosclerotic lesions in mice prone to atherosclerosis
(Suzuki et al. 1997). Conversely, obese MsrI-deficient mice
display exacerbated insulin resistance and augmented
inflammation characterized by polarization of macrophage
populations toward more inflammatory subsets (Zhu et al.
2014). Less is known about the role of MARCO in obesity
and insulin resistance and it is not clear if MARCO has a
similar protective role in obesity-induced insulin resis-
tance. This is worth testing since MARCO has been shown
to be necessary for both toll-like receptor 2 (TLR2) and
nucleotide oligomerization domain 2 (NOD2)-mediated
bacterial pathogen sensing and clearance (Dorrington et al.
2013). Deletion of TIr2 can protect against insulin resis-
tance, whereas deletion of Nod2 can exacerbate obesity-
induced insulin resistance in obese mice (Ehses et al. 2010;
Denou et al. 2015). Furthermore, specific bacterial cell wall
components, such as muramyl dipeptide (MDP) are
NOD2-dependent insulin sensitizers (Cavallari et al.
2017). These results warrant testing how MARCO alters
insulin sensitivity and blood glucose control in comparison
to other Class A scavenger receptors, such as MSRI.

In this study, we used Msri- and Marco-deficient mice
fed obesogenic diets to assess the role of these scavenger
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receptors in regulating glucose control, tissue-specific
insulin sensitivity, and inflammation. We demonstrate
that MARCO is dispensable for glycemic control in obese
mice. Genetic deletion of Msrl or feeding fucoidan, a nat-
ural product ligand of MSR1, both worsened insulin resis-
tance and blood glucose control. We found that poor
blood glucose control coincided with impaired insulin-sti-
mulated glucose uptake in the adipose tissue, which
occurred in the absence of overt adipose inflammation in
obese Msrl~'~ mice.

Materials and Methods

Animals and diets

All animal procedures were approved by the Animal
Research Ethics Board of McMaster University and per-
formed according to institutional guidelines. All mice
were male and were maintained on a 12-h light/dark
cycle. Wild-type (WT) C57BL/6] mice were from The
Jackson Laboratory (Cat# 000664). Msr1™’~ mice on a
C57BL/6] background were originally from the laboratory
of S. Gordon (Suzuki et al. 1997). Marco™'~ mice on a
C57BL/6N background were originally from the labora-
tory of K. Tryggvason (Arredouani et al. 2004). For all
studies, mice were 9-10 weeks old prior to starting exper-
iments or switching diets. Mice were fed a control diet
(17% kcal from fat, 29% kcal from protein, 54% kcal
from carbohydrate; Cat# 8640 Teklad 22/5; Envigo, Hunt-
ington, United Kingdom) or an obesogenic, high-fat, low-
fiber diet (60% kcal from fat, 20% kcal from protein,
20% kcal from carbohydrate; Cat# D12492; Research
Diets, New Brunswick, NJ, USA) as indicated for each
experiment. Our study was designed to test glycemic per-
turbations of an obesogenic diet that is higher in fat and
lower in fiber compared to a standard rodent diet. Mura-
myl dipeptide (MDP; cat# tlrl-mdp; Invivogen, San
Diego, CA, USA) was administered via intraperitoneal
injection at a dose of 100 ug/mouse for 3 days prior to
metabolic tests. Fucoidan from Fucus vesiculosus (Cat#
F5631; MilliporeSigma, Burlington, MA, USA) was
administered by oral gavage at a dose of 40 mg/kg three
times per week for 4 weeks.

Genotyping

Mouse liver was digested in buffer containing 100 mmol/
L Tris-HCl, 5 mmol/L ethylenediaminetetraacetic acid,
200 mmol/L NaCl, 0.2% w/v SDS, and 1.5 units of pro-
teinase K (Cat# EO0491; Thermo Fisher Scientific, Wal-
tham, MA, USA) at 37°C overnightt. DNA was
precipitated from tissue lysate by adding an equal volume
of isopropanol and gently agitating the mixture. DNA
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pellets were washed twice with a 75% ethanol/25% ultra-
pure water solution and suspended in ultrapure water.

PCR amplification of isolated DNA was performed
using primer sequences targeting Msrl and Marco genes.
Msrl was amplified from DNA samples with the following
primer sequences: “WT Forward” ACC TTA TAG ACA
CGG GAC GCT TCC AGA A, “WT Reverse” GAC TCT
GAC ATG CAG TGT TTC TGT A, “KO Forward” ACC
TTA TAG ACA CGG GAC GCT TCC AGA A, and “KO
R Reverse” AGG AGT AGA AGG TGG CGC GAA GG.
Marco was amplified from DNA samples with the follow-
ing primer sequences: “WT Forward” CAG CTG GGT
CCA TAC CAG C, “WT Reverse” CTG GAG AGC CTC
GTT CAC C, “KO Forward” CCA CGC TCA TCG ATA
ATT TCA C, and “KO Reverse” GCC TGC AGT GGC
CGT CGT TTT A. Amplified sequences were separated on
a 1% agarose gel.

Glucose and insulin tolerance tests

Glucose tolerance tests (GTTs) and insulin tolerance tests
(ITTs) were performed in 6 h fasted and conscious mice.
D-(+)-Glucose (Cat# G7021; MilliporeSigma, Burlington,
MA, USA) and insulin aspart (NovoRapid; Novo Nordisk,
Bagsveerd, Denmark) were delivered via intraperitoneal
injection at doses indicated in figure legends. Blood glu-
cose was determined by tail vein blood sampling at the
indicated time points using a handheld glucometer
(Accu-Chek Performa; Roche, Basel, Switzerland).

Glucose uptake and adiposity imaging

Insulin stimulated uptake of 2-deoxy-2-('*F)fluoro-D-glu-
cose into various tissues was measured by positron emis-
sion tomography as previously described (Jorgensen et al.
2013). Adiposity of these mice was determined by com-
puted tomography as previously described (Cavallari et al.
2017).

Gene expression

Total RNA was obtained from frozen mouse white adi-
pose tissue via mechanical homogenization at 4.5 m/sec
for 30 sec using a FastPrep-24 tissue homogenizer (MP
Biomedicals, Santa Ana, CA, USA) and ceramic beads,
followed by guanidinium thiocyanate—phenol—chloroform
extraction. RNA was treated with DNase I (Cat# 18068-
015; Thermo Fisher Scientific, Waltham, MA, USA) and
cDNA was prepared using 1000 ng total RNA and Super-
Script III Reverse Transcriptase (Cat# 18080-044; Thermo
Fisher Scientific, Waltham, MA, USA). Transcript expres-
sion was measured using TagMan Assays with AmpliTaq
Gold DNA polymerase (Cat# N8080247; Thermo Fisher
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Scientific, Waltham, MA, USA) in a Rotor-Gene Q real-
time PCR cycler (QIAGEN, Hilden, Germany), and target
genes were compared to the geometric mean of Rplp0
and Rnl8s housekeeping genes using the AAC; method.
Gene expression was analyzed in WT mice treated with
vehicle (n = 7), WT mice treated with fucoidan (n = 5),
SRA™'~ mice treated with vehicle (n=6) and SRA™'~
mice treated with fucoidan (n = 8).

Data analyses

Values are reported as mean + standard error of the
mean (SEM) and P < 0.05 was considered statistically sig-
nificant. Comparisons of each result were analyzed by
unpaired two-tailed t-test or one- or two-way ANOVA
with Tukey post hoc testing, as indicated. Nonparametric
tests were utilized on data sets that were not normally
distributed. GraphPad Prism 6 software was used. Values
of n represent different mice for each experiment and are
represented by symbols in the figures.

Data availability

The datasets generated during and analyzed during this
study are available from the corresponding author on rea-
sonable request.

Results

Deletion of Msr1, but not Marco, worsened
HFD-induced insulin resistance

We used mice that had a genetic deletion of Msrl or
Marco to determine if different Class A Scavenger recep-
tors were relevant to obesity-induced insulin resistance
(Fig. 1A and B). Wild-type (WT), Msr1~'~ and Marco™'~
mice that were fed a control diet containing ~17% energy
from fat had no difference in body mass or blood glucose
levels during an insulin tolerance test (ITT) or glucose
tolerance test (GTT) (Fig. 1C-E). We then showed that
WT, Msrl~'~, and Marco™'~ mice all had similar body
mass after 6 weeks of feeding an obesogenic, low-fiber,
high-fat diet (HFD) (Fig. 1F). However, 6 weeks of HFD
revealed that only Msr1~'~ mice had higher blood glucose
during an ITT compared to WT mice or Marco '~ mice
(Fig. 1G; P = 0.0068). In further support of Msrl deletion
worsening HFD-induced insulin resistance, we found that
10 weeks of HFD-feeding caused higher blood glucose
during a GTT in Msrl~ '~ mice compared to WT and
Marco™'~ mice. (Fig. 1I; P = 0.0322). This glycemic effect
was independent of changes in body mass between differ-
ent genotypes of HFD-fed mice (Fig. 1H). These results
show that Msrl deletion worsens HFD-induced insulin
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resistance, whereas MARCO is dispensable during diet-
induced obesity in mice.

Msr1 deletion worsens adipose tissue
insulin resistance in obese mice

We next used radiolabeled glucose tracer and whole-body
imaging after insulin injection in 6-week HFD-fed WT
and Msrl~'~ mice in order to determine tissue-specific
insulin resistance (Fig. 2A and B). We found that insulin-
stimulated glucose uptake was lower in the white adipose
tissue (WAT) of HED-fed Msrl™/~ mice compared to
WT mice (Fig. 2C; P = 0.0485). We found that Msr1 ™/~
mice and WT mice had similar insulin stimulated glucose
uptake in all other tissues that were analyzed, including
liver, skeletal muscle, heart, kidney, lungs, and brown adi-
pose tissue (Fig. 2C and D). These results show that Msrl
deletion worsens WAT insulin resistance during diet-
induced obesity in mice.

Bacterial insulin sensitizers lower glucose
independent of MSR1 in obese mice

We next hypothesized that Msr1~'~ mice had worse insu-
lin resistance because of defective bacterial cell wall
muropeptide/peptidoglycan sensing, similar to Nod2™'~
mice (Denou et al. 2015). We therefore tested how glyce-
mic control was altered by MDP, a bacterial cell wall
muropeptide known to promote insulin sensitivity via
NOD?2 (Cavallari et al. 2017). We found that MDP treat-
ment lowered glucose during a GTT in both WT (Fig. 3A
and B; P=0.0499) and Msrl /" (Fig. 3C and D;
P =0.0014) mice without changing the body mass of
obese mice fed a HFD for 16 weeks. We found that MDP
lowered the cumulative area under the curve for glucose
during a GTT to a greater extent in Msrl~'~ compared to
WT mice (Fig. 3E; P = 0.048). These results show that
MDP improves glycemia independent of MSRI. Deletion
of Msrl actually potentiates glucose clearance in response
to the NOD2 ligand, MDP.

The polysaccharide fucoidan worsens insulin
resistance via MSR1 in obese mice

We next tested if a suspected ligand for MSR1 would
alter glucose control. We found that oral delivery of
fucoidan (40 mg/kg body mass, three times per week for
4 weeks) caused higher blood glucose during a GTT in
WT mice fed a HFD for 4 weeks despite no change in
body mass (Fig. 4A and B; P = 0.0494). We next
demonstrated the importance of MSRI in fucoidan’s
effect on glycemia, since oral delivery of fucoidan did
not change body mass or blood glucose during a GTT

© 2018 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

The Physiological Society and the American Physiological Society.



J. F. Cavallari et al.

Scavenger Receptors Alter Glucose

A WT Msr1-- B WT Marco~-
| 1N |
KO
KO WT
WT
¢ D -~ WT 3 -~ WT
a é :]]5(0) - Msr1—/—/ 12,000 [9] [9] [9] g 30 o 4000 [9] [g] [g]
e 0 -+ Marco O 3 -]
2 2 80 S S 20 <
£ S 60 < 2 r
z o 40 = 210 o
@ é 20 3
0 S 0
s v , , o
& {(\ 0(,)\ R PSSO &9 R PO ESD
S oL QO
W e Time (min) W Time (min)
F G - WT
860 [18] [16] [12] g}ﬁg - Msr1‘/‘/ 12,000 1118111611121 | HFD
2 2 e\ T Marco ¢ 9000 * 6 Weeks
Q 2
£ 2 60 < 6000
=) < 40 E
@ 8 20 3000
@ 9 0
OO ® ® OO
INDE AN \g\%{\ &
Time (min) W@
H I - WT
’_g = Msr1™- [271[11][16]
’560 [271111] [16] S 30 -+ Marco™" HFD
= e S 0 10 Weeks
2 40 5 20 =)
£ 2 =
> S =
3 20 35 10 o
[a2] ke
[e]
0 S 0
& & 6\/ OCPRE R[S & & 6\/
S _ _ &
O W Time (min) W N

Figure 1. Deletion of macrophage scavenger receptor 1 (Msr7) worsens high-fat diet-induced glucose and insulin intolerance. Electrophoresis-

separated PCR amplification products showing the genotyping of WT and Msr7~/~ mice (A), and WT and Marco™

/

~ mice (B). Body mass (C),

blood glucose, and cumulative area under curve (AUC) during an insulin tolerance test (0.5 IU/kg; D) and glucose tolerance test (2 g/kg; E) of
WT, Msr1~/~, and Marco™’~ mice fed a control diet. Body mass (F) and blood glucose and cumulative AUC during an insulin tolerance test (1
IU/kg; G) of WT, Msr1~/=, and Marco™~ mice fed a high-fat diet (HFD) for 6 weeks. Body mass (H) and blood glucose and cumulative AUC

during a glucose tolerance test (1 g/kg; I) of WT, Msr1~/=, and Marco™~ mice fed a HFD for 10 weeks. Body mass and AUC graphs were
analyzed by one-way ANOVA with Tukey post hoc testing. Data are means + SE. * indicates significance with P < 0.05. Numbers of mice
analyzed for each condition are represented above each bar and by symbols.

in Msr1~'~ mice fed a HFD for 4 weeks (Fig. 4C and
D). These data show that engaging MSR1 with the
polysaccharide fucoidan worsens glucose control in an
MSR1-dependent manner without changing body mass.
We also tested if genetic deletion of Msrl or natural

product targeting of MSRI1 altered adipose tissue
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inflammation. We hypothesized that adipose tissue
inflammation could underpin adipose insulin resistance
observed in HFD-fed fucoidan-treated WT mice or
Msr1~'~ mice. We found that neither fucoidan-treated
mice nor Msrl~'~ mice showed overt signs of inflamma-

tion, as suggested by no differences in transcript levels
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Figure 2. Deletion of macrophage scavenger receptor 1 (Msr7) worsens adipose tissue insulin sensitivity. Visualization of insulin-stimulated 2-
deoxy-2-("8F)fluoro-D-glucose uptake (orange; A) and adipose tissue (purple, determined by computed tomography; B) in WT and Msr—'~ mice
fed a high-fat diet (HFD). Quantification of insulin-stimulated 2-deoxy-2-('®F)fluoro-D-glucose uptake in key insulin-responsive metabolic tissues

(C) and other tissues (D) as measured by positron emission tomography of WT and Msr1

~/~ mice fed a high-fat diet. Data was analyzed by

unpaired two-tailed t-test. Data are means + SE. * indicates significance with P < 0.05. Numbers of mice analyzed for each condition are

represented by symbols.

of inflammatory cytokines, chemokines, immune cell
markers, or ER stress markers (Fig. 4E-G).

Discussion

Components of the immune system such as PRRs can
link inflammation to metabolic dysfunction. We sought
to understand if different Class A scavenger receptors
influenced blood glucose control during diet-induced
obesity in mice. We found that genetic deletion of Msrl
exacerbated adipose tissue insulin resistance. These results
further reinforce the concept that not all immune compo-
nents or PRRs promote metabolic inflammation and
insulin resistance. We add further evidence that loss of
Msrl worsens insulin resistance during obesity, which is
consistent with previous reports showing that Msrl (i.e.,
SR-A) deletion deteriorates adipose tissue insulin sensitiv-
ity in obese mice (Zhu et al. 2014). Our results build on
this previous work by showing that MSRI provides a
unique protection from excessive insulin resistance com-
pared to other Class A scavenger receptors, since MARCO
was dispensable for changes in insulin sensitivity in obese
mice.
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MSRI transcript levels in the adipose tissue of humans
showed stronger correlation with insulin sensitivity com-
pared to SCARB3/CD36, a Class B Scavenger receptor
that has been intensely studied at the nexus of lipid meta-
bolism and insulin resistance (Goudriaan et al. 2003;
Elbein et al. 2011; Wilson et al. 2016). Given that MSRI
transcript levels are increased, mainly in the stromal vas-
cular fraction of adipose tissue of insulin-resistant sub-
jects, it is important to consider if this association
represents a potential cause or protective response from
excessive insulin resistance. Hyperinsulinemia is a key fac-
tor in driving insulin resistance and it is already known
that insulin lowers Msrl levels in human macrophages
(Park et al. 2012). Hence, our data showing that Msrl
deletion exacerbates insulin resistance in adipose tissue of
obese mice is consistent with a model where MSR1 acts
as a compensatory or protective response to limit exces-
sive insulin resistance. It is not yet clear what stimuli
underpin changes in MSR1 levels during obesity, but
many factors have been proposed, including scavenging of
cellular debris in expanding adipose tissue. It is known
that MSR1 levels do not change during lipid infusion-
induced insulin resistance (Kashyap et al. 2009), and it
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Figure 3. The postbiotic muramyl dipeptide (MDP) improves glycemia independent of macrophage scavenger receptor 1 (Msr1). Rather,
muramyl dipeptide improvements in glucose tolerance are potentiated by deletion of Msr7. Body mass (A) and blood glucose and cumulative
area under curve (AUC) during a glucose tolerance test (1 g/kg; B) of WT mice fed a high-fat diet for 16 weeks and treated with saline or MDP

for 3 days. Body mass (C) and blood glucose and cumulative AUC during a glucose tolerance test (1 g/kg; D) of Msr1

~/~ mice fed a high-fat

diet for 16 weeks and treated with saline or MDP for 3 days. Body mass and AUC graphs were analyzed by unpaired two-tailed t-tests. Data
are means + SE. * indicates significance with P < 0.05. Numbers of mice analyzed for each condition are represented above each bar and by

symbols.

remains possible that changes in MSR1 levels simply rep-
resent changes in macrophage numbers in the adipose tis-
sue during obesity, since this is the cell type that
predominantly expresses MSRI.

Previous work shrewdly identified that lysophos-
phatidylcholine was an obesity-relevant ligand that
engaged MSR1 to promote adipose tissue resident macro-
phage polarization away from inflammatory phenotypes
(Zhu et al. 2014). We tested if a naturally occurring envi-
ronmental ligand of MSRI, fucoidan, altered inflamma-
tion and/or glycemia in obese mice. Fucoidan is a
sulphated polysaccharide found in brown seaweeds and is
used as a dietary supplement. Fucoidan has been shown
to lower blood glucose, insulin resistance, steatosis, ER
stress, and inflammation in obese mice and rats (Jeong
et al. 2013; Wang et al. 2016a,b), which supported our
initial hypothesis that fucoidan would improve glycemia
in obese mice and that MSR1 would mitigate its efficacy.
Surprisingly, fucoidan worsened insulin resistance in an
MSR1-dependent manner. We found no overt change in
markers of adipose tissue inflammation or ER stress due
to fucoidan treatment or Msrl deletion. This was surpris-
ing given the well-known role of MSR1 in immunity. It is
not clear how deletion of this scavenger receptor reduces
the ability of insulin to promote glucose uptake into

© 2018 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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adipose tissue. It is likely that reduced glucose uptake in
adipose tissue of Msrl ™'~ mice is due to adipocyte insulin
resistance. Future experiments defining if MSRI1 alters
local signals beyond inflammation such as adipokines and
how this impacts steps in the insulin signaling cascade are
warranted.

Previous studies that showed improved glucose control
with fucoidan treatment used higher doses of this com-
pound (80-100 mg/kg), whereas our study used 40 mg/
kg. This could explain discordant results, but we propose
that the most important advance provided in our study is
the ligand-receptor specificity of the actions of fucoidan
on MSRI. Sulphated polysaccharides have many potential
cellular targets that depend on the dose-response rela-
tionships and, to the best of our knowledge, no ligand-re-
ceptor relationship has been established for the actions of
fucoidan on blood glucose. This is an important consider-
ation since human work supports the concept for fucoi-
dan worsening insulin resistance (Hernandez-Corona
et al. 2014). In fact, a daily oral dose of 500 mg of fucoi-
dan to overweight/obese humans for 3 months increased
both insulin levels and a marker of insulin resistance
(HOMA-IR). This fucoidan-mediated deterioration of
insulin resistance in obese humans occurred despite a
reduction in blood pressure and lowering of LDL
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Figure 4. Fucoidan-mediated worsening of glucose tolerance during obesity requires functional macrophage scavenger receptor 1. Body mass (A)
and blood glucose and cumulative area under curve (AUC) during a glucose tolerance test (1.5 g/kg; B) of WT mice fed a high-fat diet for 4 weeks
and treated with vehicle or fucoidan three times per week for 4 weeks. Body mass (C) and blood glucose and cumulative AUC during a glucose
tolerance test (1.5 g/kg; D) of Msr1~/~ mice fed a high-fat diet for 4 weeks and treated with vehicle or fucoidan three times per week for 4 weeks.
Transcript levels of cytokines and chemokines (E), immune cell receptors (F), and endoplasmic reticulum stress markers (G) of WT and Msr1~"~ mice
fed a high-fat diet for 4 weeks and treated with vehicle or fucoidan three times per week for 4 weeks. Body mass and AUC graphs were analyzed
by unpaired two-tailed t-tests. Transcript levels were analyzed by two-way ANOVA with Tukey post hoc testing. Data are means =+ SE. * indicates
significance with P < 0.05. Numbers of mice analyzed for each condition are represented above each bar and by symbols.

cholesterol (Herndndez-Corona et al. 2014). This warrants ~ highlight the need for caution in targeting immune
investigation of the role of MSR1 in glucose metabolism responses to reduce metabolic inflammation or insulin
versus cardiovascular disease. Our results in mice resistance. A better understanding of ligand-receptor
2018 | Vol. 6 | Iss. 22 | e13930 © 2018 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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relationships relevant to glucose control should help
inform immunometabolic approaches aiming to treat
and/or prevent metabolic diseases.
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