
Palmitate differentially regulates the polarization of differentiating

and differentiated macrophages

Fangming Xiu,1 Li Diao,1

Peter Qi,1 Michael Catapano1 and

Marc G. Jeschke1,2,3

1Sunnybrook Research Institute, University of

Toronto, Toronto, ON, 2Ross Tilley Burn

Centre, Sunnybrook Health Sciences Centre,

University of Toronto, Toronto, ON, and
3Division of Plastic Surgery, Department of

Surgery, Department of Immunology, Univer-

sity of Toronto, Toronto, ON, Canada

doi:10.1111/imm.12543

Received 23 January 2015; revised 31 August

2015; accepted 17 September 2015.

Correspondence: M. G. Jeschke, Ross Tilley

Burn Centre, Sunnybrook Health Sciences

Centre, University of Toronto, 2075 Bayview

Avenue, Room D704, Toronto, ON, Canada

M4N 3M5.

Email: marc.jeschke@sunnybrook.ca

Senior author: Marc G. Jeschke.

Summary

The tissue accumulation of M1 macrophages in patients with metabolic

diseases such as obesity and type 2 diabetes mellitus has been well-docu-

mented. Interestingly, it is an accumulation of M2 macrophages that is

observed in the adipose, liver and lung tissues, as well as in the circula-

tion, of patients who have had major traumas such as a burn injury or

sepsis; however, the trigger for the M2 polarization observed in these

patients has not yet been identified. In the current study, we explored the

effects of chronic palmitate and high glucose treatment on macrophage

differentiation and function in murine bone-marrow-derived macro-

phages. We found that chronic treatment with palmitate decreased phago-

cytosis and HLA-DR expression in addition to inhibiting the production

of pro-inflammatory cytokines. Chronic palmitate treatment of bone mar-

rows also led to M2 polarization, which correlated with the activation of

the peroxisome proliferator-activated receptor-c signalling pathway. Fur-

thermore, we found that chronic palmitate treatment increased the

expression of multiple endoplasmic reticulum (ER) stress markers, includ-

ing binding immunoglobulin protein. Preconditioning with the universal

ER stress inhibitor 4-phenylbutyrate attenuated ER stress signalling and

neutralized the effect of palmitate, inducing a pro-inflammatory pheno-

type. We confirmed these results in differentiating human macrophages,

showing an anti-inflammatory response to chronic palmitate exposure.

Though alone it did not promote M2 polarization, hyperglycaemia exacer-

bated the effects of palmitate. These findings suggest that the dominant

accumulation of M2 in adipose tissue and liver in patients with critical

illness may be a result of hyperlipidaemia and hyperglycaemia, both

components of the hypermetabolism observed in critically ill patients.

Keywords: bone marrow; endoplasmic reticulum stress; free fatty acids;

macrophage; palmitate.

Introduction

Metabolic disturbances are common in critically ill

patients. These acute responses typically occur in the

early days following insult and are generally considered

appropriate and adaptive; however, many of the endo-

crine responses in these patients result in a persistent

hypermetabolic response and this is increasingly seen as

potentially deleterious in the long run.1–3 Critically ill

patients present with various lipid disorders: high levels

of triglycerides and free fatty acids (FFA); low levels of

low-density lipoproteins; and low levels of high-density

lipoproteins.4 Increased lipolysis after burn injuries

causes increased circulating triglycerides and FFA levels,

Abbreviations: Arg 1, arginase 1; BiP, binding immunoglobulin protein; BMM, bone marrow-derived macrophages; CHOP,
C/EBP homologous protein; ER, endoplasmic reticulum; FFAs, free fatty acids; HG, high glucose; iNOS, inducible nitric oxide
synthase; M-CSF, macrophage colony- stimulating factor; PBA, 4-phenylbutyrate; PCNA, proliferating cell nuclear antigen;
PGC-1a, PPARc co-activator-1a; PPARc, peroxisome proliferator-activated receptor-c; pTHP-1, PMA-activated THP-1 cells;
TLR4, Toll-like receptor 4
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which lead to fatty infiltration of vital organs such as the

liver. Hepatic steatosis is associated with poor prog-

noses.5,6 Both hyperglycaemia and dyslipidaemia in criti-

cal illness contribute to elevated morbidity and mortality.

Consequently, glycaemic control is an important adju-

vant therapy in these patients.

Recent studies demonstrate that obesity-related adipose

tissue expansion induces an infiltration of ‘classically acti-

vated’ or M1 macrophages, which produce pro-inflamma-

tory cytokines such as tumour necrosis factor-a (TNF-a).7

These increased pro-inflammatory cytokines lead to local

and systemic chronic inflammation and insulin resistance.

As opposed to the chronic low-grade inflammatory state

of M1-dominant metabolic diseases, Langouche et al.

found that subcutaneous and visceral adipose tissue from

non-surviving, prolonged, critically ill patients had been

infiltrated with high numbers of ‘alternatively activated’ or

M2 macrophages.8 These macrophages displayed elevated

gene expression of M2 macrophage markers, such as argi-

nase-1, interleukin-10 (IL-10) and CD163, and low levels

of M1 macrophage markers TNF-a and inducible nitric-

oxide synthase (iNOS).8 Studies in severe burn injury also

found a dominance of M2 macrophages in the peripheral

blood. Increased levels of catecholamines post-burn are

believed to play a role in the conversion of M1 to M2.9

These M2 macrophages inhibit conversion from resident

macrophage to M1;9,10 however, the mechanisms underly-

ing M2 dominance in these tissues in critical illness are

not fully understood.

Previous studies using bone marrow-derived macro-

phages (BMM) and bone marrow-derived dendritic cells

found that a short period (3 hr) of exposure to FFA leads

to a pro-inflammatory phenotype in mouse bone mar-

row-derived dendritic cells and in a mouse monocytic cell

line, but was without effect on BMM.11,12 Conversely,

several studies have shown that short-term (6 and 18 hr)

treatment of BMM with palmitate promotes a pro-

inflammatory phenotype.13 Another study found that

macrophages from diabetic patients that were alternatively

stimulated (M2) lead to increased uptake of lipid by

increasing SR-A1 and CD36.14 Despite a growing litera-

ture, whether palmitate can directly drive M2 differentia-

tion is still not understood. In the current study, we

addressed the effects of hyperlipidaemia and hypergly-

caemia on macrophage activation and polarization by

exploring the effects of chronic palmitate and high glu-

cose exposure on BMM differentiation and function. We

found that chronic palmitate treatment of bone marrow

during the macrophage differentiation period led to alter-

natively activated macrophage polarization by inducing

endoplasmic reticulum (ER) stress. We also investigated

the effects of palmitate on differentiated macrophages

from murine bone marrow and PMA-activated THP-1

cells (pTHP-1), an immortalized human monocyte cell

line.

Material and methods

Reagents and antibodies

FITC-Dextran (MW: 40K), sodium palmitate and

lipopolysaccharide (LPS) from Escherichia coli O111:B4

were purchased from Sigma-Aldrich (Oakville, ON,

Canada). Recombinant murine macrophage colony-

stimulating factor (M-CSF) was purchased from Pepro-

Tech (Rocky Hill, NJ) and stock solution (40 ng/ml) was

stored at �80°. Fatty-acid-free BSA was purchased from

Roche Diagnostics (Indianapolis, IN).

Conjugation of palmitate to BSA was carried out as

described previously with some modifications.15 Briefly,

palmitate was dissolved in 50% ethanol at 70° and then

complexed with 10% low-endotoxin BSA at 55° for

10 min at a final concentration of 8 mM. Stock solutions

were stored at �80° and diluted with fresh media.

Phycoerythrin-conjugated rat anti-mouse CD206,

NOS2, CD11b, Peridinin chlorophyll protein-Cy5�5-
conjugated rat anti-mouse F4/80 and allophycocyanin-

conjugated rat anti-mouse CSF-1 receptor and ELISA kits

of mouse IL-12 and mouse IL-10 were purchased from

Biolegend (San Diego, CA). FITC-conjugated mouse

anti-mouse I-Ab was from BD Biosciences (Franklin

Lakes, NJ). FITC-conjugated anti mouse TNF-a, IL-12,

IL-10, IL-1b monoclonal antibodies and rat IgG2bj
isotope control were purchased from eBioscience (San

Diego, CA). Anti-binding immunoglobulin protein

(BiP), anti-peroxisome proliferator-activated receptor-c
(PPARc); anti-phospho-protein kinase A subunit C (PKA

C), anti-proliferating cell nuclear antigen (PCNA), and

anti-cleaved-caspase 3 antibodies were purchased from

Cell Signaling Technologies (Danvers, MA). Anti-PPARc
co-activator-1a (PGC-1a) antibody was purchased from

EMD Millipore (Billerica, MA). Anti-CD206 antibody

was purchased from Abcam (Cambridge, MA).

Cell line

The human monocytic cell line, THP-1, was a kind gift

from Dr Dawn Bowdish (McMaster University, Canada).

Differentiation of THP-1 into macrophage-like cells was

induced by exposure of the cells to PMA as described

previously with some modifications.16 THP-1 cells were

activated by a low dose of PMA (20 ng/ml) for 24 hr fol-

lowed by 48 hr resting, during which time palmitate and/

or glucose were added to the culture.

Animals and isolation of mouse bone marrow-derived
macrophages

All mice used in this study were female C57BL/6 mice

and were purchased from Charles River Laboratories (St

Constant, QC, Canada). All animal procedures were
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approved by the Sunnybrook Health Science Centre Ani-

mal Care Committee.

Murine bone marrow isolation was conducted as previ-

ously described.17 Briefly, for experiments carried out in

differentiating macrophages, total bone marrow cells were

treated with various doses of glucose (7�5, 10 and

12�5 mM) or various doses of palmitate (0�1, 0�2 and

0�4 mM) or in combination (10 mM glucose plus 0�2 mM

palmitate) during the differentiation period. Macrophages

were then harvested on day 7. For experiments carried

out in differentiated macrophages, various doses of

palmitate were added for 24 hr after 7 days of differentia-

tion. To prime the macrophages, 100 ng/ml of LPS was

added to the culture media 24 hr before harvesting. In

some experiments, 4-phenylbutyrate (PBA; 20 ng/ml) was

added to the BMM culture before adding 0�4 mM of

palmitate. In the experiments designed to test the com-

bined effects of glucose and palmitate, 10 mM glucose

and 0�2 mM palmitate were added into the culture.

Cell proliferation assay

Proliferation of BMM was determined by a CyQUANT

Cell Proliferation assay kit (Molecular Probes, Eugene,

OR) according to the manufacturer’s instructions.

Cell staining and flow cytometry

Cells were incubated with Fc receptor blocker for 10 min

for mouse cells at room temperature followed by incuba-

tion with antibodies against the surface markers CD11b,

F4/80, I-Ab and CSF-1R in PBS containing 1% BSA. The

pTHP-1 cells were incubated directly with fluorescence-

conjugated antibodies. All samples were run on a BD LSR

II flow cytometer (Becton Dickinson, Franklin Lakes, NJ).

In all, 100 000 events were collected for each sample and

data were analysed using FLOWJO (v. 8.7) software (Flowjo,

Ashland, OR).

Phagocytosis assay

Phagocytosis of FITC-Dextran by BMM or pTHP-1 cells

was measured as the cellular uptake of FITC-Dextran and

quantified by flow cytometry as described previously.17

Internalization ability was evaluated at the percentage or

mean fluorescence intensity of FITC-positive cells gated

on the CD11b+ F4/80+ BMM or gated on THP-1 cells.

Intracellular cytokine staining

Cytokine-producing BMM were calculated by gating on

CD11b+ F4/80+ BMM as described previously.17 Cyto-

kine-producing pTHP-1 cells were calculated by gating

on all collected cells. Data were collected with a BD LSR

II flow cytometer and analysed by FLOWJO software.

Quantification of IL-10 and IL-12 by ELISA

Levels of IL-10 and IL-12 in the supernatants were deter-

mined using ELISA kits (Biolegend Inc.) according to the

manufacturer’s instructions. The values were normalized

to the cell numbers.

Gene expression analysis

Total RNA was isolated from cell lysates following the

manufacturer’s instructions (RNeasy Mini Kit; Qiagen,

Hilden, Germany), quantified using a Nanodrop spec-

trophotometer (NanoDrop Technologies, Wilmington,

DE) and reverse transcribed (Applied Biosystems, San

Diego, CA). Real-time quantitative PCR was performed

on cDNA with the housekeeping gene rRNA 18S. The

sequences of primers are listed in the Supplementary

material, Table S1.

Western blotting

Western blotting was performed with 30 lg of protein

per well. Band intensities were detected, normalized and

quantified with the CHEMIDOC AND IMAGE LAB 5.0 software

(Bio-Rad Laboratories, Hercules, CA). GAPDH and tubu-

lin were used as loading controls depending on the

molecular weights of the target proteins.

Statistics

Comparisons of two means were carried out using

Student’s t-test and comparisons of three or more means

were carried out using one-way analysis of variance.

Graphs were prepared using GRAPHPAD PRISM version 6

(GraphPad Software, San Diego, CA). Statistical signifi-

cance was set at P < 0�05.

Results

Chronic exposure of bone marrow to palmitate leads
to an anti-inflammatory response

The BMM were differentiated by M-CSF treatment of

murine bone marrow cells. As we have shown previously,

over 98% of the cells are CD11b+ F4/80+ macrophages

following 7 days of treatment with M-CSF.17 We evalu-

ated the effect of palmitate on proliferation during BMM

differentiation by measuring cellular DNA content and

PCNA protein expression. As shown in Fig. 1(a), high

doses of palmitate (0�2 and 0�4 mM) inhibited BMM pro-

liferation in a dose-dependent manner in comparison to

vehicle control (P < 0�05 and P < 0�01, respectively). The
decreased BMM cell counts were due in part to decreased

CSF-1R (CD115), the receptor for M-CSF (Fig. 1b). This

inhibition of proliferation was confirmed by a decrease in
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levels of PCNA protein (Fig. 1c). In comparison to vehi-

cle control, high doses of palmitate (0�2 and 0�4 mM) sig-

nificantly decreased CD115 expression (P < 0�01 and

P < 0�001, respectively). In addition, 0�2 mM palmitate

treatment of BMM produced a lower level of CD115

expression (P < 0�05 versus 0�1 mM). A low dose of

palmitate (0�1 mM) protected BMM from apoptosis, but

high doses of palmitate were toxic and stimulated apop-

tosis of BMM both with and without LPS priming

(Fig. 1c).

To examine whether palmitate influences antigen presen-

tation by BMM, we first determined the ability of these cells

to take up a fluorescence-conjugated model antigen, FITC-

Dextran. As shown in Fig. 1(d), palmitate significantly

inhibited the uptake of Dextran by BMM in all doses

tested, in comparison to vehicle control (P < 0�05,
P < 0�01 and P < 0�001 versus vehicle, respectively).

Palmitate decreased Dextran uptake by almost 80% at a

concentration of 0�4 mM (Fig. 1d). In addition, high doses

of palmitate (0�2 and 0�4 mM) significantly inhibited MHC

II expression compared with vehicle control (P < 0�001 for

all comparisons) (Fig. 1e). Compared with 0�1 mM palmi-

tate, 0�2 mM resulted in a lower level of MHC II expression

(P < 0�05).
To examine whether palmitate influences cytokine

secretion, we determined the intracellular levels of IL-1b,
TNF-a and IL-12 in BMM in response to LPS stimula-

tion. As shown in Fig. 1(f), only 0�4 mM palmitate signifi-

cantly inhibited IL-1b production, as determined by

intracellular cytokine staining (P < 0�05); however, both
0�2 and 0�4 mM palmitate significantly decreased TNF-a
production (P < 0�01 and P < 0�0001, respectively)

(Fig. 1g). Compared with BMM treated with 0�2 mM

palmitate, 0�4 mM palmitate led to a lower percentage of
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Figure 1. Chronic exposure of bone marrow to palmitate leads to anti-inflammatory responses during bone marrow-derived macrophages

(BMM) differentiation. Bone marrow was cultured with various doses of palmitate (0�1, 0�2 and 0�4 mM) for 7 days. To activate macrophages,

lipopolyaccharide (LPS; 100 ng/ml) was added in the last 24 hr. Macrophages without LPS treatment were set up as control. Based on gating of
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assay and phagocytosis assay. (a) BMM numbers; (b) mean fluorescence intensity (MFI) of CD115 expression; (c) Western blot and densitometric

analysis of proliferating cell nuclear antigen (PCNA) and cleaved-caspase 3; (d) phagocytosis of Dextran-FITC and its graphic format; (e) MHC

II expression; (f) interleukin-1 (IL-1b); (g) tumour necrosis factor-a (TNF-a); (h) IL-12; (i) IL-10. Graph bars represent the mean � SD of at
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comparison within treatments.
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TNF-a-positive BMM (P < 0�01). In addition, both 0�2
and 0�4 mM palmitate significantly inhibited IL-12

(Fig. 1h). In contrast to inhibited pro-inflammatory cyto-

kine production by high doses of palmitate (0�2 and

0�4 mM), IL-10 expression was increased in response to

LPS stimulation (Fig. 1i). Furthermore, there were signifi-

cant differences between 0�1 mM versus 0�2 mM palmitate

for IL-12 production (P < 0�05) and between 0�2 mM

versus 0�4 mM palmitate for TNF-a, IL-12 and IL-10

production (P < 0�05 for all).

Overall, our results demonstrate that high doses of

palmitate significantly influence BMM differentiation

from bone marrow and promote an anti-inflammatory

phenotype.

High doses of palmitate drive mouse macrophage
polarization to M2 from bone marrow by stimulating
the PPARc signalling pathway

Upon observing the inhibition of pro-inflammatory cyto-

kine secretion and reduced MHC II expression by palmi-

tate, we set out to determine whether chronic palmitate

treatment could induce M2 polarization. As shown in

Fig. 2(a), 4 mM palmitate increased CD206 expression

compared with vehicle control (P < 0�01). Quantitative

RT-PCR and Western blot analysis also confirmed

increased expression of CD206 upon palmitate treatment

(see Supplementary material, Fig. S1). To distinguish

between the effects of palmitate and LPS, mRNA and

protein samples from BMM with and without LPS treat-

ment were analysed. We observed a significant increase in

CD206 expression upon treatment with a high dose of

palmitate in unprimed groups. Even with LPS priming,

palmitate still showed significant stimulation of CD206

expression. In addition, 0�4 mM palmitate significantly

inhibited Toll-like receptor 4 (TLR4) expression

(P < 0�05) (Fig. 2b), which is consistent with inhibited

cytokine production as shown in Fig. 1. Secondly, we

determined the levels of IL-10 and IL-12 in the culture

media of BMM that had been treated with palmitate and

the ratio of IL-10/IL-12 was calculated. As shown in

Fig. 2(c,d), palmitate treatment significantly increased

IL-10 (P < 0�05) but decreased IL-12 (P < 0�05). Conse-
quently, the ratio of IL-10/IL-12 was elevated almost

threefold in comparison to vehicle (P < 0�05) (Fig. 2e).

Third, we measured PPARc expression, an essential tran-

scriptional factor that influences macrophage polariza-

tion.18 Palmitate significantly increased PPARc
expression. Expression of LXRa, the PPARc integrator,

and Arg 1, a PPARc downstream modulator, were both

increased (Fig. 2f). The significant elevation of the ratio

of Arg 1 versus iNOS in response to a high dose of

palmitate is suggestive of M2 polarization (Fig. 2f and see

Supplementary material, Fig. S2). In Fig. 2(g,h), high

doses of palmitate (0�2 and 0�4 mM) significantly

increased protein levels of PPARc (P < 0�05 and P < 0�01
versus vehicle control, respectively). Since PGC-1a is a

transcriptional coactivator of several nuclear receptors

that regulate key metabolic steps in energy homeostasis,

such as PPARc,19 we determined its expression as well. In

contrast to the elevated protein levels of PPARc, high

doses of palmitate (0�2 and 0�4 mM) significantly

decreased PGC-1a protein levels (P < 0�01 and P < 0�001
versus vehicle control, respectively) (Fig. 2g,i).

Overall, we found that palmitate treatment of bone

marrow cells led to M2 polarization in tandem with up-

regulation of PPARc and PGC-1a.

The effect of palmitate on M2 polarization is ER
dependent

It has been reported that ER stress can drive M2 polariza-

tion.14 We found that palmitate treatment significantly

increased mRNA expression of multiple ER stress mark-

ers, including C/EBP homologous protein (CHOP), inosi-

tol-requiring protein 1 alpha (IRE-1a), spliced X-box

binding protein 1 (XBP-1s) and activating transcription

factor 6 (ATF6) (Fig. 3a). We observed a significant

increase in the protein levels of the ER stress marker, BiP

(P < 0�05) (Fig. 3b). In comparison to vehicle control,

0�1, 0�2 and 0�4 mM palmitate elevated protein levels of

BiP approximately fivefold, fivefold and eightfold, respec-

tively. PBA is one member of a group of chemical chap-

erones known to stabilize protein conformation, improve

the protein folding capacity in the ER, and facilitate the

trafficking of mutant proteins.20 It has potential anti-

diabetic effects in obese and diabetic mice by inhibiting

the ER stress response.21 To examine the possible actions

of PBA on palmitate, we pre-conditioned bone marrow

cells with PBA before adding palmitate at day 0, as well

Figure 2. High doses of palmitate drive bone marrow-derived macrophages (BMM) towards M2 polarization. Bone marrow was cultured with

various doses of palmitate for 7 days. Expression of CD206, Toll-like receptor 4 (TLR4) and peroxisome proliferator-activated receptor-c (PPAR-

c) as well as interleukin-12 (IL-12) and IL-10 secretion in response to lipopolysaccharide (LPS) stimulation were determined. (a) Flow cytometry

analysis of CD206 expression; (b) TLR4 expression by flow cytometry; (c) IL-10 levels and (d) IL-12 levels by ELISA and (e) IL-10/IL-12 ratio;

(f) quantitative RT-PCR analysis of PPARc, LXRa, Arginase 1 (Arg 1) and inducible nitric oxide synthase (iNOS) with or without LPS; (g-j) Wes-

tern blot and densitometric analysis of PPAR-c, PGC-1a and phospho-Protein Kinase A, catalyst unit C (PKA C). Values represent the

mean � SD of three independent experiments. *P < 0�05, **P < 0�01 and ***P < 0.001 compared with vehicle control. t P < 0.05, tt P < 0.01

as comparison within treatment.

ª 2015 John Wiley & Sons Ltd, Immunology, 147, 82–9686

F. Xiu et al.



(a)

(b)

(f)

(g) (h) (i) (j)

(c) (d) (e)

PPAR

15

0

1

2

3

4 15 6

4

2

0

10

5

0

6 150

100

50R
at

io
R

at
io

0

4

2

0

10

5

0

m
R

N
A

 (
F

ol
d)

m
R

N
A

 (
F

ol
d)

m
R

N
A

 (
F

ol
d)

m
R

N
A

 (
F

ol
d)

Palmitate Palmitate Palmitate

Arg1/iNOS, Pal + LPS

Arg1/iNOS, palmitate

PGC-1

p-PKA C

p-PKA C

GAPDH

Palmitate (mM)
LPS (100 ng/ml) +

– 0·1 0·2 0·4 0

1

2F
ol

d

F
ol

d

F
ol

d

3

4 1·5 4

3

2

1

0

1·0

0·5

0·0

+ + +

*

**

***

t t

***

t t

***

t t

***
t t

t

t
t

t

***

***

t

***

***

**

***
t

tt
***

*
α

PGC-1αγ

PPAR  , Pal + LPSγ

PPAR  , palmitateγ

LXR  , Pal + LPSα

LXR  , palmitateα

PPARγ

Veh
icl

e

0·
1 

m
M

0·
2 

m
M

0·
4 

m
M

Vehicle
6 3 250 60

80

60

40

20

0

0·4 mM0·2 mM0·1 mMVehicle
CD206

20·8 ± 4·9 24·8 ± 5·8 33·5 ± 6·9 49·2 ± 10·6

40

20

0

200

150

100

50

0

2

1

0

* *
*

*

**

CD206

TLR4

4

2

M
F

I o
f T

LR
4 

(×
10

3 )

IL
-1

0 
(×

10
3  

pg
/m

l)

IL
-1

2 
(p

g/
m

l)

IL
-1

0/
IL

-1
2 

(F
ol

d)

%
 C

D
20

6+
 c

el
ls

0
TLR4

0·1 mM
0·2 mM
0·4 mM

Veh
icl

e

Veh
icl

e

0·
1 

m
M

0·
2 

m
M

0·
4 

m
M

Veh
icl

e

0·
1 

m
M

0·
2 

m
M

0·
4 

m
M

0·
4 

m
M

Veh
icl

e

0·
4 

m
M

Veh
icl

e

0·
4 

m
M

Con
tro

l

0·
1 

m
M

0·
2 

m
M

0·
4 

m
M

Palmitate

Con
tro

l

0·
1 

m
M

0·
2 

m
M

0·
4 

m
M

Palmitate

Con
tro

l

0·
1 

m
M

0·
2 

m
M

0·
4 

m
M

Palmitate
Con

tro
l

0·
1 

m
M

0·
2 

m
M

0·
4 

m
M

Con
tro

l

0·
1 

m
M

0·
2 

m
M

0·
4 

m
M

Con
tro

l

0·
1 

m
M

0·
2 

m
M

0·
4 

m
M

Veh
icl

e

0·
1 

m
M

0·
2 

m
M

0·
4 

m
M

Veh
icl

e

0·
1 

m
M

0·
2 

m
M

0·
4 

m
M

ª 2015 John Wiley & Sons Ltd, Immunology, 147, 82–96 87

Palmitate regulates macrophage polarization



as before all media changes. As shown in Fig. 3(b), PBA

treatment significantly attenuated the BiP response com-

pared with 0�4 mM palmitate alone (P < 0�05). Typically,
almost all BMM produce TNF-a in response to overnight

LPS stimulation; however, 0�4 mM palmitate treatment

significantly inhibited TNF-a production, and PBA

reversed this effect (Fig. 3c). Conversely, 0�4 mM palmi-

tate increased CD206 production, and PBA partially

reversed this effect (P < 0�05) (Fig. 3d). PBA treatment

also attenuated the effect of palmitate on BMM on MHC

II, CD86 and IL-12 production (data not shown).

Palmitate induces a pro-inflammatory response in
differentiated mouse macrophages

To examine how palmitate affects differentiated mouse

bone marrow-derived macrophages (as opposed to its

effect on the differentiation process, described above), we

treated BMM that had been differentiating for 7 days

with varying doses of palmitate. First, we determined the

expression levels of markers that are commonly used to

characterize macrophages, such as CD86, TLR4, MHC II

and CD36. As shown in Fig. 4(a), all three doses of

palmitate increased CD86 expression (P < 0�001,
P < 0�01 and P < 0�01, for 0�1, 0�2 and 0�4 mM, respec-

tively). Higher doses of palmitate (0�2 and 0�4 mM) had

no effect on TLR4 expression, whereas low-dose palmitate

(0�1 mM) significantly increased it (Fig. 4b). Lower doses

of palmitate had no effect on MHC II expression,

although 0�4 mM palmitate significantly decreased it

(P < 0�05) (Fig. 4c). A recent study showed that CD36 is

not required for palmitate uptake, rather, it is important

for low-density lipoprotein uptake.22 Consistent with

these findings, low doses of palmitate had no effect on

CD36 expression, but 0�4 mM palmitate significantly

decreased it (P < 0�001) (Fig. 4d). High doses of palmi-

tate (0�2 and 0�4 mM) caused a decrease in CD115 expres-

sion (P < 0�05) (Fig. 4e). In line with the pattern of

TLR4 expression, low-dose palmitate significantly

increased NOS2 production (75�5 � 5�4% versus

51�7 � 6�5%) (P < 0�05), whereas high doses of palmitate

had no effect (Fig. 4f).

In general, in contrast to the anti-inflammatory effects

of palmitate on differentiating BMM, low-dose palmitate

leads to pro-inflammatory responses in already differenti-

ated BMM. This effect was not dependent on treatment

duration because treatment with low doses of palmitate

for up to 72 hr also led to a pro-inflammatory response

(data not shown here).

Palmitate treatment leads to an anti-inflammatory
response in differentiating THP-1 cells

As observed in mouse BMM, high doses of palmitate inhib-

ited pTHP-1 proliferation and stimulated apoptosis

(Fig. 5a and see Supplementary material, Fig. S3) as well as

inducing M2 polarization, as measured by mRNA expres-

sion and protein levels of PPARc, LXRa and CD206

(Fig. 5b,c and see Supplementary material, Fig. S4).

Palmitate inhibited HLA-DR expression and phagocy-

tosis of pTHP-1 cells. Both 0�2 and 0�4 mM palmitate sig-

nificantly inhibited HLA-DR expression (P < 0�05 and

P < 0�01, respectively) (Fig. 5d) and Dextran uptake

(P < 0�05 and P < 0�01, respectively) (Fig. 5e). Palmitate

also decreased CD86 and TLR4 expression. Whereas both

0�2 and 0�4 mM palmitate significantly decreased CD86

expression (P < 0�05 and P < 0�01, respectively) (Fig. 5g),
only 0�4 mM palmitate inhibited TLR4 expression

(P < 0�01) (Fig. 5f). Consequently, palmitate depressed

TNF-a and IL-6 expression. In comparison to vehicle

control, all doses of palmitate tested inhibited TNF-a
production (P < 0�05, P < 0�001 and P < 0�001 versus

vehicle, respectively) (Fig. 5j). The 0�4 mM palmitate dose

dampened its production in response to LPS stimulation.

Consistent with decreased TNF-a production, both 0�2
and 0�4 mM palmitate significantly inhibited IL-6 secre-

tion (P < 0�05) (Fig. 5i). We also found that palmitate

regulated CD36 expression. Higher doses of palmitate

(0�4 mM) inhibited CD36 expression (P < 0�05) (Fig. 6h).
Overall, palmitate also induced anti-inflammatory

responses in differentiating THP-1 cells.

High glucose impairs inflammatory response of bone
marrow macrophages

Like palmitate, high glucose (HG) also had remarkable

effects on BMM. As shown in Fig. 6(a), HG promoted

BMM proliferation as reflected by increased BMM

numbers in a dose-dependent manner, but only 10 and

12�5 mM glucose had significant effects in comparison

with control (P < 0�01 and P < 0�001, respectively). The
increase in the number of BMM was probably not due

to CD115 expression as we did not observe a coordi-

nated decrease of CD115 expression (Fig. 6b). Since we

Figure 3. The effect of palmitate on M2 polarization is endoplasmic reticulum (ER) -dependent. Bone marrow cells were cultured with various

doses of palmitate or preconditioned with 4-phenylbutyrate (PBA); 20 ng/ml) followed by 0�4 mM palmitate treatment. After 7 days of culture,

cells were harvested for quantitative RT-PCR, Western blot analysis or for flow cytometry. A group of cells were activated with lipopolysaccharide

(LPS) (100 ng/ml) for 24 hr. (a) Quantitative RT-PCR of ER stress markers: CHOP, IRE-1a, XBP-1s and ATF6; (b) binding immunoglobulin

protein (BiP) expression; (c) tumour necrosis factor-a (TNF-a) production and (d) CD206 expression after PBA treatment. *P < 0�05,
**P < 0.01 and ***P < 0�001 versus vehicle control; t P < 0�05 and tt P < 0�01 versus 0�4 mM palmitate.
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used unfractionated bone marrow in our BMM culture

system, this increase in cell number might be due to

increased neutrophil production of S100A8/S100A9,

which promotes the differentiation of common myeloid

progenitor cells and so leads to enhanced myelopoi-

esis.23 HG also inhibited BMM antigen uptake of Dex-

tran and MHC II expression (Fig. 6c,d). All doses of

glucose tested significantly decreased phagocytosis of

Dextran (P < 0�01 for all) and MHC II expression in

BMM (P < 0�01 for all). In comparison to the control,

roughly only 50% of BMM treated with glucose were

Dextran positive. In addition, HG inhibited the produc-

tion of pro-inflammatory cytokines (Fig. 6e,f). Glucose

at 12�5 mM significantly repressed IL-1b production, as

determined by intracellular cytokine staining (Fig. 6e).

In addition, all doses of glucose decreased IL-12 pro-

duction (P < 0�05 versus control for all) (Fig. 6f). HG

only slightly decreased TNF-a secretion and did not

have an effect on IL-10 expression (data not shown

here).

Taken together, our data demonstrate that chronic

exposure of bone marrow to HG impairs inflammatory

responses of the macrophages.

HG exacerbates the effect of palmitate

As the levels of both FFA and glucose are elevated in

many critical illnesses, we examined whether they have

combined effects on BMM function. Previous studies

have shown that FFA and HG induce a combined effect

on the pro-inflammatory response in a human monocyte

cell line;15,24 however, their combined effects on BMM

and human macrophages have not yet been investigated.

We therefore examined their combined effects in both

BMM and differentiated THP-1 cells. We treated bone

marrow with either glucose (10 mM) or palmitate
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Figure 4. Palmitate induces a pro-inflamma-

tory immune response in differentiated macro-

phages. On the 7th day of bone marrow-

derived macrophages (BMM) culture, various

doses of palmitate were added into the culture

for a further 24 hr culture. Then the pheno-

type and cytokine secretion in response to

lipopolysaccharide (LPS) stimulation was

determined. (a) CD86 expression; (b) Toll-like

receptor 4 (TLR4) expression; (c) MHC II

expression; (d) CD36 expression; (e) CD115

expression; (f) NOS2 expression by intracellu-

lar staining. Values represent the mean � SD

of three independent experiments. *P < 0�05
and **P < 0�01 compared with vehicle control.
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(0�2 mM) alone or in combination and then examined

antigen uptake and cytokine secretion. As expected, the

combination of palmitate and HG resulted in lower MHC

II expression compared with either palmitate or HG alone

(P < 0�05 and P < 0�001, respectively) (Fig. 7a). BMM

also had a significantly lower antigen uptake of Dextran

when treated with both HG and palmitate (P < 0�01 ver-

sus HG and P < 0�05 versus palmitate, respectively)

(Fig. 7b). Palmitate plus HG significantly decreased TNF-

a expression (P < 0�01 versus HG and P < 0�05 versus

palmitate) (Fig. 7c), but increased IL-10 expression

(P < 0�05 versus HG) (Fig. 7d), even though HG alone

did not have significant effects. In combination with

palmitate, HG also attenuated expression of IL-12 and

IL-1b (data not shown).

We also examined the combined effects of HG and

palmitate on human pTHP-1 cells. High doses of glucose

could not regulate the phenotypes and functions of differ-

entiating THP-1 cells (data not shown here). However, as

shown in Fig. 7(e,f), in combination with HG, palmitate

significantly inhibited HLA-DR (P < 0�05 versus HG) and

TLR4 (P < 0�01 versus HG and P < 0�05 versus palmi-

tate, respectively). In addition, their combination also led

to a significant decrease of CD86 (P < 0�05 versus

palmitate) (Fig. 7g) and CD36 expression (P < 0�05 ver-

sus HG) (Fig. 7h).

Taken together, in combination with HG, palmitate

had more profound effects on macrophages.

Discussion

Our study demonstrates that high doses of palmitate

drive M2 polarization, which occurs in tandem with the

activation of the PPARc signalling pathway in murine

BMM. Palmitate treatment of bone marrow significantly

decreased pro-inflammatory cytokine secretion, CD206

and MHC II expression during macrophage differentia-

tion. This effect was mediated by inducing ER stress, as

demonstrated by PBA inhibition of the effects of palmi-

tate. HG alone did not lead to M2 polarization. Rather, it
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Figure 5. Palmitate induces anti-inflammatory responses in differentiating human macrophages. PMA-activated THP-1 cells were treated with

various doses of palmitate for 48 hr. Then the phenotypes and cytokine secretion levels with or without lipopolysaccharide ( LPS) stimulation

were determined. (a) Western blot analysis of proliferating cell nuclear antigen (PCNA) and cleaved-caspase 3; (b) quantitative RT-PCR of

PPARg, LXRa and MR (CD206); (c) Western blot analysis of MR (CD206) and peroxisome proliferator-activated receptor-c (PPARc); (d) HLA-

DR expression; (e) Dextran uptake; (f) Toll-like receptor 4 (TLR4) expression; (g) CD86 expression; (h) CD36 expression; (i) interleukin-6 (IL-

6) and (j) tumour necrosis factor-a (TNF-a) by intracellular staining. Values represent the mean � SD of three independent experiments.

*P < 0�05, **P < 0�01 and ***P < 0�001 compared with vehicle control; t P < 0�05 versus 0�4 mM palmitate.
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Figure 6. Chronic exposure of bone marrow to hyperglycaemia leads to anti-inflammatory macrophage responses during bone marrow-derived

macrophages (BMM) differentiation. Bone marrow was cultured with various doses of glucose (7�5, 10 and 12�5 mM). lipopolysaccharide (LPS;

100 ng/ml) was added in the last 24 hr. Based on gating of CD11b+ F4/80+ BMMs, MHC II, CD115 and intracellular cytokine production were

determined. Some cells were used for the cell proliferation assay and phagocytosis assay. (a) BMM numbers; (b) mean fluorescence intensity

(MFI) of CD115 expression; (c) phagocytosis of Dextran-FITC and its graphic format; (d) MHC II expression; (e) interleukin-1b (IL-1b); (f) IL-
12. Graph bars represent the mean � SD of three independent experiments. *P < 0�05, **P < 0�01 and ***P < 0�001 compared with vehicle

control.
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had synergistic effects when used simultaneously with

palmitate. Consistent with many recently published stud-

ies,11,12 we found that 24-hr treatment of differentiated

macrophages with palmitate led to a pro-inflammatory

phenotype. It is interesting to note that the immune

responses of macrophages are dependent on whether

palmitate is added during the differentiation process (at

day 0) or to fully differentiated macrophages (after 7 days

of differentiation). Palmitate induces macrophage polar-

ization towards an M2 phenotype when it is added into

bone marrow cells during differentiation; however, it

induces a pro-inflammatory phenotype when it is added

to already differentiated macrophages. The induction of

an anti-inflammatory response in differentiating macro-

phages by palmitate was also confirmed in a human

monocyte cell line (THP-1). The mechanisms underlying

these differential responses are unknown. It is possible

that macrophage progenitor cells and mature macro-

phages have different nutrient requirements.

The network of molecular mediators that regulate M2

polarization in response to hypermetabolism is not fully

understood, but PPARc, PGC-1a and PPARc target genes,

such as Arg 1 and CD36 are implicated in this process.

The nuclear receptor PPARc is a ligand-activated tran-

scription factor that plays an important role in the con-

trol of gene expression linked to a variety of physiological

processes, particularly glucose and lipid metabolism.25

PPARc has been increasingly considered as a master regu-

lator that skews human monocytes toward an anti-

inflammatory M2 phenotype.26 Consequently, synthetic

high-affinity PPARc ligands, such as thiazolidinediones,

have been widely used for the treatment of type 2 dia-

betes mellitus in clinical practice. PGC-1a is a transcrip-

tional co-activator of several nuclear receptors that

regulate key metabolic steps in energy homeostasis, such

as PPARc. Recent studies indicate that over-expression of

PGC-1a inhibits foam cell formation in BMM27 and is

required for an acute LPS-induced TNF-a response in

skeletal muscle.28 The repressed PGC-1a expression in

our study might therefore be involved in M2 polarization,

as foam cell formation is believed to be essential for M2

polarization in response to hyperlipidaemia. As the

co-modulator of PPARc in macrophage polarization,

LXRa functions to maintain whole sterol homeostasis and

so transcriptionally controls lipid homeostasis. Transcrip-

tional stimulation of LXRa by palmitate is consistent with

the transrepression signalling of pro-inflammatory activa-

tion of macrophages. Moreover, LXRa activation by

palmitate may also contribute to the inhibition of prolif-

eration.29 CD36 is a member of the scavenger receptor

family with a broad cell type expression and has been

recognized as a lipid and fatty acid receptor. CD36 is

important for macrophage foam cell formation and M2

polarization.14 Although it is not required for increased

palmitate uptake by M2 macrophages, it is important for

low-density lipoprotein uptake and M2 activation.22,30

Consistent with this, we did not find up-regulation of

CD36, rather, we found that high-dose palmitate inhibits

CD36 expression.

Macrophages are a major player in the dysfunctional

immune response in many critical illnesses because of

their large numbers in the tissues and, consequently, as

the major cell source of cytokines during injuries.31 Clas-

sical activation of macrophage provides a rapid response

to invading pathogens and coping with a hypoxic

microenvironment over a range of hours to days. In con-

trast, M2 macrophages carry out long-term activities such

as tissue remodelling and repair. Accordingly, they have

distinct metabolic provisional requirements. Whereas

anaerobic glycolysis in M1-polarized macrophages pro-

vides quick energy requirements, oxidative glucose meta-

bolism and fatty acid oxidation provides M2

macrophages with more efficient and sustainable energy.32

Consistent with this, infiltration of subcutaneous and vis-

ceral adipose tissue with a large number of alternatively

activated macrophages has been observed in non-surviv-

ing patients with prolonged critical illness.8 This is not

likely to be the result of the M2 activators because the

circulating levels of IL-4 and IL-13 are low, rather, PPARc
is significantly elevated, which may lead to M2 polariza-

tion.8 Another study in patients with severe burns found

a dominant presence of M2b monocytes in the periphery.

Catecholamines are believed to play a significant role in

M2 polarization in burn patients.9 Other factors like IL-

10, glucocorticoid, hormones, apoptotic cells, immune

complexes, all of which are increased in critical illness,

can also polarize macrophages to an M2-like phenotype.26

Our results demonstrate that in addition to the factors

mentioned above, hyperglycaemia and hyperlipidaemia

can also modify the phenotype of macrophages. M2

polarization resulting from chronic exposure of macro-

phage precursors to palmitate is important because it

may represent another mechanism of M2 polarization in

critical illness. This therefore raises the possibility that

better therapeutic action may be achieved by targeting

multiple factors including hyperglycaemia and hyperlipi-

daemia.

Immunosuppression resulting from critical illness is a

serious problem that is associated with increased mortal-

ity and secondary infection.33 Down-regulated HLA-DR is

a sensitive and reliable marker for immunosuppression.

Many factors contribute to decreased expression of

HLA-DR, such as IL-10, LPS and catecholamines.17 Our

findings indicate that hyperglycaemia and hyperlipidaemia

(which are present in many critical illnesses) could dam-

pen the adaptive immunity by inhibiting MHC II expres-

sion; therefore, in addition to the factors mentioned

above, hyperglycaemia and hyperlipidaemia are potential

contributors to immunosuppression in severely burned

patients. Moreover, the alternative activation of macro-
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phages driven by palmitate leads to inhibited pro-inflam-

matory cytokine secretion, such as TNF-a and IL-12,

which might contribute to the immunosuppression in

critical illness as well.

Developing new therapies for immunosuppression

resulting from sepsis and severe trauma has been particu-

larly challenging. As macrophages are major players in

sepsis, not only in removal of pathogens and apoptotic

cells but also an important part of adaptive immunity,

the identification of mechanisms and molecules associated

with macrophage plasticity and polarized activation are

essential for macrophage-centred diagnostic and thera-

peutic strategies. Accumulating studies indicate that gly-

caemic control is an important adjuvant therapy in such

patients and improves their survival.6,34,35 Based on our

findings, the combination of glycaemic and lipid control

might improve the immune response in prolonged critical

illness.
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Supporting Information

Additional Supporting Information may be found in the

online version of this article:

Figure S1. Palmitate increases CD206 expression in

bone marrow-derived macrophages (BMM) with and

without lipopolyaccharide (LPS). (a) Quantitative RT-

PCR and (b) Western blot analysis of CD206 in BMM

upon palmitate treatment with and without LPS activa-

tion. Values represent the mean � SD of three indepen-

dent experiments. *P < 0�05, **P < 0�01 and

***P < 0�001 compared with vehicle control; t P < 0�05
between treatment groups.

Figure S2. Impact of palmitate treatment on mRNA

expression of arginase 1 (Arg 1) and inducible nitric oxide

synthase (iNOS) in bone marrow-derived macrophages

(BMM) with and without lipopolysaccharide (LPS) activa-

tion. Values represent the mean � SD of three indepen-

dent experiments. ***P < 0�001 compared with vehicle

control; t P < 0�05 between treatment groups.

Figure S3. Densitometry of proliferating cell nuclear

antigen (PCNA) and cleaved-Caspase 3 Western blot of

pTHP-1 upon palmitate treatment with and without

lipopolysaccharide (LPS) activation. Values represent the

mean � SD of three independent experiments. *P < 0�05,
**P < 0�01 and ***P < 0�001 compared with vehicle

control; t P < 0�05 between treatment groups.

Figure S4. Densitometry of CD206 and peroxisome

proliferator-activated receptor-c (PPAR-c) Western blot

of pTHP-1 upon palmitate treatment with and without

lipopolysaccharide (LPS) activation. Values represent the

mean � SD of three independent experiments. *P < 0�05,
**P < 0�01 and ***P < 0�001 compared with vehicle

control; t P < 0�05 between treatment groups.

Table S1. Primer sequences for quantitative RT-PCR.
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