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ABSTRACT

In obesity, macrophages infiltrate peripheral tissues and secrete pro-inflammatory cytokines that impact
local insulin sensitivity. Lipopolysaccharide (LPS) and the saturated fatty acid (FA) palmitate polarise
macrophages towards a pro-inflammatory phenotype in vitro and indirectly cause insulin resistance (IR)
in myotubes. In contrast, unsaturated FAs confer an anti-inflammatory phenotype and counteract the
actions of palmitate. To explore paracrine mechanisms of interest, J774 macrophages were exposed to
palmitate + palmitoleate or control medium and the conditioned media generated were screened using a
cytokine array. Of the 62 cytokines examined, 8 were significantly differentially expressed following FA
treatments. Notably, CXCL16 secretion was downregulated by palmitate. In follow-up experiments using
ELISAs, this downregulation was confirmed and reversed by simultaneous addition of palmitoleate or
oleate, while LPS also diminished CXCL16 secretion. To dissect potential effects of CXCL16, C2C12
myotubes were treated with palmitate to induce IR, recombinant soluble CXCL16 (sCXCL16), combined
treatment, or control medium. Palmitate caused the expected reduction of insulin-stimulated Akt
activation and glycogen synthesis, whereas simultaneous treatment with sCXCL16 attenuated these
effects. These data indicate a putative role for CXCL16 in preservation of Akt activation and insulin

signaling in the context of chronic low-grade inflammation in skeletal muscle.

Keywords: obesity, insulin resistance, CXCL16, macrophage, muscle

Abbreviations: Akt: v-akt murine thymoma viral oncogene homolog, AT: adipose tissue, CM: conditioned
medium, ELISA: enzyme-linked immunosorbent assay, ERK1/2: extracellular signal-regulated kinases 1/2,
FA: fatty acid, IL: interleukin, IR: insulin resistance, LPS: lipopolysaccharide, GSK: glycogen synthase kinase,
MCP: monocyte chemoattractant protein, MIP: Macrophage inflammatory protein, NK: natural killer,
NKT: natural killer T, PA: palmitate, PF-4: platelet factor 4, PO: palmitoleate, sCXCL16: soluble C-X-C Motif
Chemokine Ligand 16, SFA: saturated fatty acid, sTNFRI: Soluble tumor necrosis factor receptor |, T2D:
type 2 diabetes, TNF-a: tumor necrosis factor-a, UFA: unsaturated fatty acid
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1. INTRODUCTION

Obesity, defined by the World Health Organization as ‘abnormal or excessive fat accumulation that may
impair health’ [1], constitutes one of the major risk factors for type 2 diabetes (T2D). T2D prevalence has
increased in recent decades, with the number of diagnosed adults rising from 108 million in 1980 to 422
million in 2014 [2]. A blunted response to insulin leading to impaired glucose uptake and utilization in
target tissues termed as insulin resistance (IR) is a key characteristic of T2D [3]. It can arise in obesity [4]
and is a known risk factor for T2D development [5]. IR can precede the manifestation of overt
hyperglycemia for over a decade [6] and, therefore, identifying and treating IR in a timely fashion can be

important for avoiding progression to T2D.

A state of chronic low-grade inflammation has been noted in obesity [7, 8] and linked to IR and T2D
development. The first observation at the tissue level was an increase in tumor necrosis factor (TNF)-a
secretion by adipose tissue (AT) from obese rodents that led to IR [9, 10]. This increased secretion was
later attributed mainly to local accumulation of macrophages forming ‘crown-like’ structures surrounding
dying adipocytes [11-13]. It is thought that an imbalance of M1 ‘classically activated’ macrophages that
secrete proinflammatory cytokines and M2 ‘alternatively activated’ macrophages that are anti-
inflammatory and insulin-sensitizing might arise and cause complications [14]. There are discrepancies
between studies concerning the action of certain cytokines, and studies targeting immune components
have so far yielded mixed results. For instance, monocyte chemoattractant protein (MCP)-1, one of the
most studied chemokines in inflammation-associated IR, is upregulated in diet-induced obesity and
studies using in vitro and knock-out [15, 16] or transgenic overexpressing [17] in vivo MCP-1 deficiency
only partially restores insulin sensitivity in AT [18] and skeletal muscle [15] in mice-fed a HFD. Cytokines
are pleiotropic molecules and multiple cytokines can shape the pro-inflammatory phenotype seen in
obesity; thus, the complexity and redundancy of immune system activation in obesity call for further

investigation. Recently, a ‘designer cytokine’, IC7Fc, an engineered fusion of interleukin (IL)-6 and ciliary
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neurotrophic factor, ameliorated glucose tolerance and decreased weight gain in obese mice, opening up

a promising chapter for the use of novel biological agents in the treatment of T2D [19].

Initial studies in the field focused on inflammation in expanding AT; however, infiltration of macrophages
has also been documented in skeletal muscle in obesity [15, 20-22], which might have implications for
whole-body insulin sensitivity since muscle is the major site of postprandial glucose uptake and utilization
[23]. To dissect the interplay between macrophages and myotubes, experiments employing in vitro
models have used macrophage conditioned medium (CM) to treat myotubes in culture in an attempt to
isolate the interaction between these two cell types. Elevated free fatty acids (FAs) [24, 25] and
lipopolysaccharide (LPS) [26-29] have been documented in obesity and T2D and have been associated
with the pathogenesis of IR. In vitro, LPS and the saturated FA (SFA) palmitate polarize macrophages
towards a pro-inflammatory ‘M1’ phenotype, whereas the unsaturated FAs (UFAs) palmitoleate and
oleate confer an anti-inflammatory ‘M2’ phenotype [30-33]. Several studies have indicated differential
effects of palmitate and UFAs as well as LPS on macrophage gene expression and secretome [30-32, 34-
37]. CM generated by palmitate-treated macrophages (PA CM) has been shown to induce IR in myotubes,
while CM from UFA-treated macrophages is insulin-sensitizing [31, 38, 39]. The components of PA CM
that might be of relevance are still being established, but a study by Talbot et al. put forward TNF-a, a
known major inflammatory mediator of IR in myocytes [40], as a strong candidate [31]. The mechanisms
underlying the indirect effects of UFAs are less clear. Talbot et al. demonstrated that CM generated by
macrophages treated with palmitate plus palmitoleate (PA+PO CM) did not have detrimental actions on
insulin sensitivity of myotubes in contrast to PA CM [31], suggesting that addition of palmitoleate alters
the macrophage secretome in a favorable way. The mediators that differ between PA CM and PA+PO CM
involved in these differential indirect effects on myotubes have not been clarified. Thus, following on
from the study by Talbot and colleagues, the same CM model established in the lab was employed to

examine the secretome of J774 macrophages and establish how FAs and LPS may differentially modify it,
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as well as identify mediators not previously studied. The use of a cytokine array allowed for screening of
62 candidate cytokines/chemokines potentially involved in pro-/anti-inflammatory actions, chemotaxis,

adhesion and regulation of insulin sensitivity.

2. RESULTS

2.1.  Screening of J774 CM using a cytokine array reveals differential secretion upon treatment

with palmitate

In order to screen J774 CM for cytokines and chemokines of interest, a cytokine array was selected
comprising cytokines that have been implicated in both pro- and anti-inflammatory functions as well as
cytokines and chemokines that have not been studied before in the context of inflammation-associated
IR. 500 uM palmitate was used, as this concentration has been shown to polarize macrophages towards
a pro-inflammatory phenotype [38, 41]. Combined treatment with palmitoleate was used as palmitoleate
has been shown to counteract the effects of palmitate [31]. The results for 62 cytokines were analyzed.

Figure 1 focuses on those whose levels were significantly affected by FA treatment.
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Figure 1. Cytokines and chemokines that are differentially regulated with FA treatments compared to control. A.
Representative blots from cytokine array membranes incubated with CM from J774 pre-treated with control,
palmitate 500 uM and palmitate 500 uM + palmitoleate 500 uM. The location of selected chemokines and cytokines
is marked. B. CXCL16. C. MCP-1. D. MCP-5. E. MIP-1a. F. MIP-1y. G. MIP-2. H. PF-4. I. sTNFRI. Fold expression of
cytokines and chemokines relative to control (BSA+Ethanol). Data are presented as mean + SEM analyzed by one-

way ANOVA followed by Tukey’s post hoc analysis (n=4). *p<0.05, **p<0.01 vs control.

8 cytokines were affected by treatment with PA and PA+PO CM. Specifically, C-X-C Motif Chemokine
Ligand 16 (CXCL16) was downregulated in PA CM by 52% compared to control CM (p<0.01), while
secretion in PA+PO CM was comparable to control CM. Platelet factor 4 (PF-4) secretion in PA CM was

decreased by 39% compared to control (p<0.05), while MIP-1a secretion had a similar decrease of 40% in
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PA CM compared to control (p<0.05). Soluble tumor necrosis factor receptor | (STNFRI) secretion was
reduced by 48% in PA CM and 37% in PA+PO CM (p<0.01 vs control). Similarly, MCP-1 was reduced in both
PA CM (by 41%, p<0.01) and PA+PO CM (by 33%, p<0.05) compared to control CM. Secretion of MCP-5,
MIP-1a, MIP-1y and MIP-2 were all decreased in PA+PO CM (by 36%, 47%, 38% and 38% versus control
CM, respectively, p<0.05). The results for the remaining cytokines that were analyzed but were not

significantly altered by the treatments are presented at Supplementary Figure 2.

2.2.  Validation of differential expression of chemokines and cytokines of interest using ELISA

Appropriate controls to account for intra- and inter- assay variability were used when calculating the
results. However, antibody arrays can have limitations associated with high-throughput screening assays
as well as protein-protein interactions [42-44]. Therefore, it was decided to validate the data for
differentially expressed cytokines using specific ELISAs, which also allow for absolute quantification of

cytokine concentrations in CM.

500 uM palmitate was used in the experiments for array analysis to mirror previous literature using high
concentrations of palmitate, in accordance with reports of elevated palmitate in obese and insulin-
resistant individuals. However, to make sure that the results were not compromised by lower cell numbers
due to loss of viability (see Supplementary Figure 3), the validation experiments were performed using
FAs at 200 uM. In addition to palmitate and the combination of palmitate+palmitoleate, other FA
treatments were also tested (palmitoleate alone, oleate, palmitate + oleate, palmitoleate + oleate) as well
as LPS. 200 uM palmitate has been reported to alter macrophage gene expression, differentially to LPS,

while 200 uM oleate had no effect [37].
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Of the 8 differentially secreted cytokines and chemokines, CXCL16, MCP-1, PF-4, MIP-1a, MIP-2, and
STNFRI were validated using ELISA. MCP-5 is a murine chemokine, with no known equivalent for humans

[45], so it was not examined further. The results of the ELISAs are presented in Figure 2.

Regulation of CXCL16 secretion was confirmed, as palmitate significantly decreased its secretion by 56%
compared to control (mean + SD: 690.5 + 255.3 pg/mL vs 1572 + 447.6 pg/mL, p<0.01). Simultaneous
incubation of palmitate with oleate or palmitoleate, restored secretion to control levels (1700 + 211.1
pg/mL and 1562 + 213.6 pg/mL respectively, p>0.05 vs control). Intriguingly, LPS also decreased CXCL16
secretion by 47% compared to control (836.4 + 201.4 pg/mL, p<0.05 vs control). Secretion of sTNFRI
followed a pattern similar to that identified by the cytokine array for palmitate incubation, although the
reduction, compared to control, did not reach statistical significance (197 + 24.63 pg/mL in PACM vs 408.4
+ 25.37 in control CM, p=0.11). There was no reduction observed for PA+PO CM (328.8 + 53.22, p>0.05 vs
control CM). Nevertheless, significant differences were observed between LPS and PA as well as PO
treatments. There was a 65% decrease in PA CM compared to LPS CM (197 +24.63 pg/mLvs 557.1+ 184.4
pg/mL respectively, p<0.01) and a 47% decrease in PO CM compared to LPS CM (294.8 + 56.7 pg/mL vs

557.1 + 184.4 pg/mL respectively, p<0.05).
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Figure 2. Secretion of selected cytokines and chemokines in J774 media after treatment with FAs, LPS or vehicle.
A. CXCL16. B. sTNRI. C. PF4. D. MCP-1. E. MIP-1alpha. F. MIP-2. Activated J774 macrophages were treated with 200
UM palmitate, 200 uM oleate, 200 uM palmitoleate, FA combination, 10 ng/mL LPS or control (1% w/v BSA + 0.6%
v/v ethanol) for 8 h. Cells were washed with PBS and fresh medium was added for 16 h. CM were collected and
analyzed by ELISA. Data are presented as mean + SEM analyzed by one-way ANOVA followed by Tukey’s post hoc

analysis (n=3 independent experiments). *p<0.05, **p<0.01, ****p<0.0001.
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No statistically significant differences were observed for PF-4, although palmitate tended to reduce
secretion compared to control (1317 + 98.45 pg/mL vs 4258 + 822.7 pg/mL, p=0.17) and oleate (1317 +
98.45 pg/mL vs 4880 + 1636 pg/mL, p=0.06). The chemokines MIP-2 and MCP-1 were significantly
upregulated with LPS treatment compared to control. LPS induced a 3.1-fold increase in MIP-2 (14141 +
7904 pg/mL vs 4568 + 1202 pg/mL, p <0.05) and a 4-fold increase in MCP-1 (15476 + 1523 pg/mL vs 3844
+367.4 pg/mL, p<0.0001). There was a trend for downregulation of MCP-1 in PA CM (1931 + 773.1 pg/mL
vs 3844 £ 367.4 pg/mL, p=0.14). Finally, MIP-1a levels did not appear to be influenced by the different

treatments.

Overall, the results of these experiments revealed some trends that were similar to the results of the
cytokine array analysis. Importantly, CXCL16 secretion followed the same pattern, with robust
downregulation by palmitate and restoration to control levels with addition of UFAs. LPS also caused a
reduction in CXCL16 levels, whereas it strongly stimulated secretion of the chemoattractants MIP-2 and

MCP-1.

2.3.  Long-term (hours) and acute (minutes) treatment with sCXCL16 influences Akt and

ERK1/2 activation in C2C12 myotubes

To test the effects CXCL16 could elicit on resident cells in skeletal muscle, differentiated C2C12 myotubes
were treated with sCXCL16 (1, 10, or 100 ng/mL) or control medium for 16 h and effects on Akt and ERK1/2
phosphorylation were examined using immunoblotting (Figure 3A). Akt activation was significantly
increased with all concentrations of sCXCL16 compared to control leading to a 2- to 2.4-fold upregulation
(2.4-fold upregulation by 1 ng/mL sCXCL16, p<0.001; 2.2-fold upregulation by 10 ng/mL sCXCL16, p<0.01;

2-fold upregulation by 100 ng/mL CXCL16, p<0.01 versus control; Figure 3B). 1 ng/mL sCXCL16 significantly
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enhanced ERK1/2 phosphorylation (p<0.05 versus control; Figure 3C), while higher concentrations did not

have a statistically significant effect.

High concentrations of sCXCL16 have been used consistently for in vitro experiments [46-53] in order to
examine effects within the limitations of cell culture systems. Acute treatment with 100 ng/mL sCXCL16
had a biphasic effect on Akt activation, inducing phosphorylation at 1 minute and then, a second phase of
phosphorylation at 40 and 60 minutes (Figure 3E). No significant effects were observed on the

phosphorylation state of ERK1/2 (Figure 3F).
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Figure 3. Effect of acute and long-term treatment with sCXCL16 on insulin signaling pathway intermediates in
C2C12 myotubes. A. Differentiated C2C12 myotubes were treated with sCXCL16 (1, 10 or 100 ng/mL), or control for
16 h. Expression and phosphorylation of Akt and ERK1/2 were assessed using Western blotting. Representative blots
of 3 independent experiments are shown. B. Akt phosphorylation assessed by densitometry. C. ERK1/2

phosphorylation assessed by densitometry. D. Differentiated C2C12 myotubes were treated with 100 ng/mL
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SsCXCL16 for the timepoints indicated. Expression and phosphorylation of Akt and ERK1/2 were assessed using
Western blotting. Representative blots of 3 independent experiments are shown. E. Akt phosphorylation assessed
by densitometry. F. ERK1/2 phosphorylation assessed by densitometry. B, C, E, F: Data are expressed as fold-change
relative to control treatment. Data are mean + SEM analyzed using one-way ANOVA followed by Tukey’s post hoc

analysis (n=3 independent experiments). *p<0.05, **p<0.01. ***p<0.001 versus control.

2.4.  Simultaneous exposure to sSCXCL16 reverses the detrimental effects of palmitate on insulin
signaling and sensitivity in C2C12 myotubes
To determine whether sCXCL16 exerts beneficial effects on insulin signaling and sensitivity, C2C12
myotubes were treated with 750 pM palmitate, 100 ng/mL sCXCL16, combination of the two factors, or
control medium for 16 h and then exposed to insulin (100 nM) or vehicle (Figure 4). The expected
downregulation of Akt phosphorylation (46% decrease compared to control insulin, p<0.01) was observed
in myotubes exposed to palmitate (750 puM) for 16h (Figure 4B). Insulin-stimulated ERK1/2
phosphorylation was 1.9-fold higher compared to baseline control (p<0.01; Figure 4C). Simultaneous
exposure to palmitate and sCXCL16 restored the insulin-stimulated phosphorylation status of Akt and
ERK1/2 to control levels (p>0.05 versus control insulin). In further experiments, glycogen synthesis was
used as an index of glucose disposal in C2C12 myotubes (Figure 4D). Treatment with palmitate suppressed
the physiological insulin-stimulated increase in glycogen synthesis. Simultaneous treatment with sCXCL16
was able to reverse this effect, leading to a statistically significant increase in insulin-stimulated glycogen

synthesis compared to baseline.
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Figure 4. Effect of sSCXCL16 on insulin-stimulated phosphorylation of insulin signaling pathway intermediates and
glycogen synthesis in C2C12 myotubes. Differentiated C2C12 myotubes were treated with 750 uM palmitate, 100
ng/mL sCXCL16, a combination of the two, or control medium for 16 h. Cells were then serum-starved for 2 h and
either glycogen synthesis assay was performed, or cells were exposed to 100 nM insulin or vehicle for 30 min.
Expression and phosphorylation of Akt and ERK1/2 were assessed using Western blotting. A. Representative blots
of 4 independent experiments. B. Akt phosphorylation assessed by densitometry. C. ERK1/2 phosphorylation
assessed by densitometry. B, C: Data are expressed as fold-change relative to control insulin treatment. Data are
shown as mean + SEM analyzed using two-way ANOVA followed by Tukey’s post hoc analysis (n=4 independent
experiments). D. Effect of sSCXCL16 on insulin-stimulated glycogen synthesis in C2C12 myotubes. Data are expressed

as fold-change to baseline control treatment. Data are shown as mean + SEM analyzed using two-way ANOVA
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followed by Tukey’s post hoc analysis (n=6 independent experiments). Filled bars: baseline samples; dotted bars:

insulin-stimulated samples. *p<0.05, **p<0.01, ***p<0.001.

3. DISCUSSION

Cytokines and chemokines secreted by macrophages have been implicated in chemoattraction,
inflammatory polarization of immune cells and enhancement or impairment of insulin sensitivity in
peripheral tissues. So far, results on antagonism or genetic deletion of single cytokines in obesity and IR
are inconclusive but developing successful individualized treatments targeting inflammation could prove
an effective strategy for obese insulin resistant individuals who exhibit chronic low-grade inflammation.
In the studies described in this paper, CM from macrophages treated with palmitate and palmitate +
palmitoleate were screened with a cytokine array to examine differential expression and the results were
followed-up in additional experiments analyzed using specific ELISAs. Interestingly, secretion of a
relatively recently described chemokine, CXCL16, was strongly downregulated by both palmitate and LPS

treatment.

CXCL16 has been associated with atherosclerosis and cardiovascular disease [54-56] as well as cancer [57],
and is considered mainly pro-inflammatory. It exists in two forms, soluble and transmembrane, and both
forms are expressed by macrophages [58]. The literature so far has mainly focused on the
chemoattractant, proliferative and scavenging properties of CXCL16 in inflammatory diseases and cancer.
A few publications have investigated CXCL16 in the context of metabolic disease [59-63], but there is no
data concerning its possible action on resident tissue cells in insulin-sensitive tissues such as skeletal
muscle. The only known receptor for CXCL16, CXCR®, is a class A G-protein-coupled receptor [64, 65], with
preferential coupling to Gi, proteins [65]. Studies investigating atherosclerosis development,

angiogenesis or cancer progression have indicated that CXCL16 can activate components of the PI3K/Akt
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pathway and other signaling elements that might be of interest in the context of IR. A study by
Chandrasekar et al. showed that CXCL16 acts through CXCR6 to induce NF-kB activation in aortic smooth
muscle cells via G proteins, but also stimulates PI3K and Akt activation. Downstream of Akt, GSK3a/B
phosphorylation was also increased by CXCL16 treatment [46]. CXCL16 promotes growth, migration and
tube formation by human umbilical vein endothelial cells (HUVEC) through activation of Akt, but also p38
MAPK and ERK1/2 [66]. ERK1/2 has also been implicated as a mediator of CXCL16-induced angiogenic
effects in HUVEC [67]. Moreover, in liver carcinoma cells, CXCL16 treatment upregulated Akt and ERK1/2

activities, which are associated with invasion and metastasis regulation [68].

CXCR6 expression by myotubes (murine C2C12 cells) has previously been reported [69-71]. Since the
secretion of soluble CXCI16 was downregulated by both palmitate and LPS treatment, it was intriguing to
examine its potential role in obesity and IR. As CXCL16 has been shown to act upstream of Akt and ERK1/2,
it is possible that it could influence insulin signaling and sensitivity by modulating these intermediates. In
C2C12 myotubes, acute and longer-term treatment with sCXCL16 were able to increase basal Akt
phosphorylation in the absence of insulin. Although long-term treatment with sCXCL16 did not have an
additional effect compared to control upon insulin stimulation, simultaneous treatment with palmitate
was able to restore insulin-stimulated Akt phosphorylation and suppress ERK1/2 phosphorylation to
control levels. In addition to regulating Akt, a major intermediate of the PI3K pathway, the suppression of
ERK1/2 by sCXCL16 is also of interest as high levels of activation can impair insulin sensitivity in myocytes
[72-74]. Importantly, dietary glucose is mainly stored in muscle cells in the form of glycogen rendering
glycogen synthesis a major route for glucose disposal in skeletal muscle [75]. Thus, to assess effects on
insulin-stimulated glucose utilization in C2C12 myotubes, measurements of glycogen synthesis were

carried out. Co-administration of sSCXCL16 opposed against the deleterious effects of palmitate on insulin-
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stimulated glycogen synthesis. These results suggest that sCXCL16 could hold a protective role for

myotube insulin sensitivity in an environment of high palmitate concentration.

CXCL16 and CXCR6 mRNA expression was detected in C2C12 myotubes by gPCR (Supplementary Figure
4). It would also be pertinent to examine in future studies if CXCL16 is produced by primary human
myotubes and adipocytes under different conditions associated with IR. For example, the effects of CM
derived from macrophages exposed to TNF-a, LPS and other inflammatory molecules, as well as FA on
secretion of CXCL16 from resident cells could be investigated in future studies. In addition, since there is
evidence that CXCL16 correlates with M2 macrophage polarization [76, 77] and infiltration [78], the
effects of sCXCL16 on the polarization of resident macrophages isolated from skeletal muscle and AT of
lean and obese human participants would be of particular relevance. Investigations such as these could
shed light on the potential effects of CXCL16 on macrophage polarization in the context of obesity and IR

in peripheral tissues.

To the author’s knowledge, no other chemokine or cytokine has direct protective effects on insulin
signaling and glycogen synthesis through Akt activation. IL-15 has been found to increase glucose uptake
by muscle cells via STAT3 (Signal Transducer And Activator Of Transcription 3) [79], but there are varied
results in the literature. Some studies have reported anti-inflammatory actions of IL-15 and beneficial
metabolic effects through stimulation of weight loss and energy expenditure [80]. Additionally, treatment
of cultured adipocytes with IL-15 led to inhibition of FA synthase and lipid accumulation [81] and genetic
IL-15 deficiency promoted adaptive thermogenesis and reduced pro-inflammatory mediators in AT [82].
IL-6 has also been reported to acutely stimulate insulin sensitivity and enhance glucose uptake, while
inhibiting inflammation. However, chronically it can induce IR and promote inflammation in peripheral
tissues [83]. A recent paper attributed opposing roles regarding macrophage accumulation to IL-6

secreted by myeloid cells versus resident cells (adipocytes and myocytes), adding to the complexity of
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cytokine-mediated inflammatory responses in metabolic disease [84]. Findeisen et al. provided a path to
manipulate downstream responses with the use of a ‘designer cytokine’ [19], proving that such next-
generation pharmacological agents, preferentially harnessing beneficial effects of inflammatory

components, could hold promise for T2D treatment.

Although CXCL16 secretion has the potential to influence insulin signaling in tissue resident cells, the
chemoattractant properties of sCXCL16 should not be overlooked. CXCL16 is a chemoattractant for
natural killer (NK) [85] and natural killer T (NKT) cells [86-89]. Thus, CXCL16 might chemoattract NK and
NKT cells that in turn could activate macrophages, as they secrete different cytokines, such as TNF-a and
IFN-y [90]. Wang et al. demonstrated the potential for another interesting interaction as trophoblast-
derived sCXCL16 induces M2 macrophage polarization that in turn inactivates NK cells at the maternal—
fetal interface [76]. CXCL16 secretion could also affect macrophage and neutrophil chemoattraction,
adding to the milieu of potential roles CXCL16 could play in AT and skeletal muscle inflammation in

obesity.

Conclusions

The effects of sSCXCL16 on myotube insulin signaling and sensitivity have not previously been reported in
the literature. In this study, a consistent stimulatory effect on Akt activation, a key component of the
insulin signaling pathway, was evident in C2C12 myotubes, with both an acute and a longer-term effect in
the basal state observed. sCXCL16 was able to reverse the detrimental effects of palmitate on insulin-
stimulated Akt activation and glycogen synthesis (Figure 5). These data propose a putative role of sSCXCL16
in regulating insulin signaling in myotubes that warrants further investigation in future in vitro and in vivo

studies.
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Figure 5. CXCL16 preserves Akt activation and glycogen synthesis in palmitate-treated myotubes. Palmitate
treatment compromises myotube insulin signaling and sensitivity. Simultaneous treatment with CXCL16 preserves
insulin-stimulated glycogen synthesis by maintaining Akt activation and downregulating ERK1/2 phosphorylation.
Akt: protein kinase B/Akt, ERK1/2: extracellular regulated kinases 1/2, Grb2: growth factor receptor-bound protein
2, GDP: guanosine diphosphate, GTP: guanosine triphosphate, IRS: insulin receptor substrate, MEK: Mitogen-
activated protein kinase kinase, PI3K: phosphoinositide 3-kinase, Shc: Src homology 2 domain containing

transforming protein, Sos1: son of sevenless homologue 1. SP: serine phosphorylation, YP: tyrosine phosphorylation.
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4. MATERIALS AND METHODS

4.1.Maintenance of cell lines

J774A.1 cells (referred to as J774) and C2C12 cells were purchased from the American Type Culture
Collection and maintained in high glucose (25 mM) Dulbecco's Modified Eagle Medium (DMEM) with
GlutaMAX supplement with added 10% v/v heat-inactivated fetal bovine serum (FBS) and 1% v/v
antibiotic-antimycotic (ABAM) mixture. Cells were maintained at 37°C in 5% CO2 in a humidified tissue
culture incubator. Cells were maintained in 20 mL growth medium in T175 cell culture flasks and passaged
as required, in the case of C2C12, before cell confluence reached more than 70% (usually every 2-3 days)

to avoid spontaneous differentiation.

4.2.C2C12 differentiation into myotubes

C2C12 myoblasts were detached from flasks using Trypsin-EDTA, counted and seeded into plates at a
density of 2x10° cells/mL. When 100% confluence was reached (the next day), differentiation into
myotubes was induced by changing to differentiation medium consisting of DMEM supplemented with
2% v/v heat-inactivated HS and 1% v/v ABAM for 5 days before use. Media were replaced every 2 days
during differentiation. Treatments were routinely added on the afternoon of day 5 of differentiation when

fusion of myoblasts to form elongated myotubes had been achieved.

4.3.Fatty acid treatments

FAs, specifically the SFA palmitate and the UFAs palmitoleate and oleate, used for treatments were
conjugated to FA-free fraction V BSA to mimic their presence in their blood in vivo, where they are bound

to serum albumin [91]. 1-2% w/v BSA (depending on the final FA concentration, specifically 1% w/v for
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200 uM, 1.5% w/v for 500 uM and 2% w/v for 750 uM) was added to pre-warmed growth medium and
left to mix on a laboratory roller for 30 min. 75 mM palmitic acid, palmitoleic acid and oleic acid stock
solutions were prepared in 100% ethanol. Palmitic acid solutions were always prepared fresh, while
palmitoleic and oleic acid stocks were stored at -20°C. Appropriate volumes of stock solutions were added
to growth medium containing BSA to give the final concentrations indicated, mixed and heated to 40°C in
a water bath with occasional manual mixing for 30 min to allow conjugation of FAs with BSA. For control
treatment, an equal amount of ethanol without FAs was added to growth medium containing BSA and

incubated alongside the FA media. The media were filter-sterilised before addition to the cells.

4.4.Generation of conditioned media

Activated J774 cells were treated for 8 h with growth medium containing 1.5% w/v FA-free fraction V BSA
conjugated with FAs, prepared as described in 2.1.5. Cells were also exposed to growth medium
containing LPS 10 ng/mL (positive control) and to control treatments (1.5% w/v BSA + ethanol and growth
medium without BSA). Treatments were removed, cells washed with PBS, and fresh medium added for 16
h. CM were collected, centrifuged at 200 x g for 5 min at RT, and the supernatant was transferred to a

fresh tube and subsequently, added to differentiated C2C12 myotubes for 16 h [31].

4.5.Cytokine array

1774 cells were seeded at 1.5x10° cells/mL in T175 flasks and activated using 200 ng/mL PMA. 3 days after,
cells were treated with growth medium containing 1.5% FA-free fraction V BSA and 500 uM palmitate,
500 uM palmitate + 500 uM palmitoleate, or control (1.5% w/v BSA + 0.66% v/v ethanol). After 8 h, cells
were washed three times with PBS and fresh medium added for 16 h to generate CM. This was collected

and used immediately for the mouse cytokine array.
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The RayBiotech mouse cytokine antibody array C3 (for cytokine array map, see Supplementary Figure 1)
was used according to the supplier’s instructions to detect levels of 62 cytokines in J774 CM. The antibody
array membranes and kit components were equilibrated to RT before 2mL of blocking buffer were added
to the membrane and incubated for 30 min. Blocking buffer was aspirated and 2mL of CM was added per
membrane and incubated for 3 h at RT. The CM were aspirated and 3 x 5-min washes with 1X Wash Buffer
| followed by 2 x 5-min washes with 1X Wash Buffer Il were performed. 1 mL of the Biotinylated Antibody
Cocktail was added to each membrane and incubated for 2 h at RT. The antibody cocktail was aspirated
and 3 x 5-min washes with 1X Wash Buffer | followed by 2 x 5-min washes with 1X Wash Buffer Il were
performed. 2 mL of 1X HRP-Streptavidin were added to each membrane and incubated for 2 h at RT. After
aspiration, 3 washes 5 min each with 1X Wash Buffer | followed by 2 washes 5 min each with 1X Wash
Buffer Il were performed. Membranes were placed onto a plastic sheet and 500 pl of the Detection Buffer
mixture (equal volumes 1:1 of Detection Buffer C and Detection Buffer D) were added onto each
membrane and incubated for 2 min at RT. Another plastic sheet was placed on top of the membranes so

that the membrane was enclosed between the two sheets.

Membranes were exposed to X-ray film and the Gilles Carpentier dot blot analyzer for Image J (Image J
1.42q, National Institutes of Health, USA) was used to obtain mean signal density from scanned blots. The
following equation was used to calculate signal intensity, which was normalized to the control treatment

membrane to account for exposure variability:

X(Ny) = X(y) * P1/P(y)

where: X(Ny)= normalized signal intensity for spot "X" on Array "y", X(y) = mean signal density for spot "X"
on Array for sample "y", P1 = mean signal density of Positive Control spots on reference array (control

treatment), and P(y) = mean signal density of Positive Control spots on Array "y
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4.6.ELISAs

Enzyme-linked immunosorbent assay (ELISA) was used to verify the results of the cytokine array for
selected cytokines (CXCL16, MCP-1, MIP-1 alpha, MIP-2, sTNFRI, and PF-4) and to test additional
treatments. 1774 cells were seeded at 1.5x10° cells/mLin T175 flasks and activated using 200 ng/mL PMA.
3 days later, cells were treated with growth medium containing 1% w/v FA-free fraction V BSA and 200
UM palmitate, 200 uM palmitoleate, 200 uM palmitate + 200 uM palmitoleate, 200 uM oleate, 200 uM
palmitate + 200 uM oleate, 200 uM oleate + 200 uM palmitoleate, or control (1% w/v BSA+ 0.6% v/v
ethanol). After 8 h, cells were washed three times with PBS and fresh medium added for 16 h to generate

CM. CM was collected and stored at -80°C until 3 repeats were obtained.

RayBio Mouse ELISA kits were used according to the manufacturer’s instructions. CM samples were
thawed on ice on the day of the assay. 96-well plates coated with antibodies against the target cytokines
were provided and 100 uL standards and samples were pipetted into wells. The plates were incubated for
2.5 h at RT with gentle shaking to allow target cytokines present in the samples and standards to bind
specifically to the immobilized antibody. Wells were washed 4 times with 300 uL 1X Wash Buffer and 100
UL biotinylated antibody against the host species of the primary antibody was added for 1 h at RT with
gentle shaking. Wells were washed 4 times with 300 puL 1X Wash Buffer and 100 puL HRP-conjugated
streptavidin solution was added for 45 min at RT with gentle shaking. After 4 washes, 100 ul of 3,3,5,5'-
tetramethylbenzidine substrate reagent were added, the plates were covered with foil and incubated for
30 min at RT with gentle shaking. Color development is proportional to bound cytokines. 50 uL of stop
solution (0.2M sulfuric acid) were added to each well. The acidic conditions deactivate enzymatic activity
and change the color from blue to yellow. Plates were read immediately at 450 nm using a Tecan Pro2000

plate reader.
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The mean absorbance for each set of duplicated standards, controls and samples was calculated and the
average optical density (OD) of the blank standard (0.0 pg/mL) was subtracted. The standard curve was
generated using GraphPad Prism (Version 7.02, GraphPad Software, Inc.). Log(concentration) was plotted
on the x axis and log(OD) on the y axis, and the best-fit straight line was drawn. Sample concentration was
extrapolated via the resulting equation, results were copied to Excel (Microsoft Office 2016, Microsoft,

US) and calculations were made using control treatment (BSA + ethanol) as a reference.

4.7.Immunoblotting
Myotubes were lysed in radioimmunoprecipitation assay (RIPA) buffer, homogenized using an Ultra-
Turrax (IKA; Staufen, Germany) and denatured in Laemmli buffer for 10 min at 65 °C. Proteins were
resolved by SDS—PAGE, electro-transferred and immunoblotted as previously described (Patel et al.,
2012). After the completion of transfer, membranes were either stored at 4°C in Tris-buffered saline (TBS)
(136.9 mM NaCl, 2.7 mM KCl, 12.4 mM Tris, pH 7.4), containing 0.1% v/v Tween-20 (TBST) until further
use or briefly washed in TBST and incubated with block solution for 1 h at RT to eliminate non-specific
binding of antibodies. Block solutions were either 5% w/v milk in TBST or 5% w/v BSA in TBST as indicated
in Table 2.3. Subsequently, membranes were incubated with primary antibodies diluted in primary
antibody dilution buffer (TBST containing 2% w/v BSA, 0.5% w/v phenol red and 0.02% w/v sodium azide).
Incubation took place on a laboratory orbital shaker or roller mixer at 4°C for 16 h overnight, with the
exception of the B-actin antibody that was incubated for 2 h at RT. Details for the antibodies used are

provided at Table 1.

Following primary antibody incubation, membranes were washed in wash buffer (TBST containing
additional 0.36 M NaCl to achieve thorough washing) three times for 5 min each. Horseradish peroxidase

(HRP)-conjugated secondary antibody against the host species in which the primary antibody was raised
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was incubated for 1 h at RT. The secondary antibodies were diluted 1:10,000 in TBST containing 5% w/v

milk. After 1 h, three washes in wash buffer for 5 min each and one wash in TBS followed.

Washed membranes were incubated with 0.5-1 mL (enough to cover the surface of the membrane) of ECL
reagent (Enhanced Luminol Reagent Plus: Oxidizing Reagent Plus, 1:1 ratio, PerkinElmer) for 1 min prior
to visualization of the bands. Detection of proteins was achieved by exposing membranes to a light-
sensitive X-ray film (Super RX, FujiFilm, Bedford, UK) in a cassette for periods ranging from 1 s to 15 min.
Films were scanned and quantified using the open-source software ImageJ (National Institutes of Health,

Bethesda, Maryland, USA). B-actin was used as a loading control.

Table 1. Primary antibodies (Ab) used for Western Blotting

Molecular
Catalogue Host Dilution in Primary Ab
Primary Ab Supplier Weight Block Buffer
number species primary Ab Buffer Incubation
(kDa)
Akt Cell Signaling 9272S 60 rabbit 1:1,000 5% w/v milk 16 h, 4°C
Technology in TBST
B-actin Merck (Sigma- A2228 42 mouse 1:2,000 5% w/v milk 2 h, RT
Aldrich) in TBST
ERK1 (K-23) Santa Cruz sc-94 44 rabbit 1:1,000 5% w/v milk 16 h, 4°C
in TBST
p-Akt (D9IE)-XP Cell Signaling 4060S 60 rabbit 1:1,000 5% w/v BSA 16 h, 4°C
(Ser473) Technology in TBST
p-ERK1/2 Cell Signaling 9101S 44/42 rabbit 1:2,000 5% w/v BSA 16 h, 4°C
(Thr202 /Tyr 204) Technology in TBST

Akt: Protein Kinase B, ERK: extracellular regulated kinases.

4.8.Glycogen Synthesis assays
Incorporation of glucose into glycogen in myotubes was measured by modifying a published protocol [92].

Following appropriate treatments as indicated in subsequent chapters, media were aspirated, C2C12

myotubes were washed twice with PBS and then, treated with low glucose (5.55 mM) DMEM + 1% v/v
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ABAM and no serum for 2 h. Following this, 2 uCi D-[U-14C]-glucose £ 100 nM insulin was added per well
for 1 h at 37°C. The reaction was terminated by washing 3 times with ice-cold PBS. Myotubes were lysed
in 450 pL/well Radio-lImmuno-Precipitation Assay (RIPA) Buffer [65 mM Tris, 150 mM NaCl, 5 mM EDTA
(pH 7.4), 1% v/v Igepal-CA630 detergent, 0.5% w/v sodium deoxycholate, 0.1% w/v sodium dodecyl sulfate
(SDS), 10% v/v glycerol] and lysates heated at 100°C for 10 min. The lysates were homogenized using a
19-gauge needle and syringe. 300 uL of lysate was added to a fresh tube with 600 puL 100% ice-cold ethanol
and unlabeled glycogen powder (for glycogen pellet visualization purposes). The remaining lysate was
stored at -20°C for measurement of total protein content using a bicinchoninic acid assay (BCA) according
to the manufacturer’s protocol (described in 2.3.2). Glycogen was precipitated in ethanol at 4°C overnight,
then at -20°C for 30 min, before centrifugation at 13,000 g for 20 min. The pellet was dissolved in 100 pL
distilled water, heated at 60°C for 20 min to facilitate resuspension, mixed with 5 mL scintillant and
counted using a Tricarb 2810TR Liquid Scintillation Analyzer running on QuantaSmart software (Perkin

Elmer Life and Analytical Sciences). Results were calculated as pmol/(min*mg of protein).

4.9.Statistical analysis
Data were analyzed using GraphPad Prism (Version 7.02, GraphPad Software, US). Results from more than
two unrelated groups were analyzed using analysis of variance (ANOVA). Statistical analysis involving
paired treatments was performed using two-way ANOVA for three or more groups. Statistical tests used
are indicated within the text and at figure legends. If significance was found using one-way or two-way
ANOVA, the post-hoc Tukey’s multiple comparisons test was applied to detect statistically significant
differences between groups. The number of biological repeats is indicated in the figure legends. A p-value

below 0.05 was considered significant.
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