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Profilin-1 (pfn) is a small ubiquitous 
protein that can bind to: (1) G-actin, 

(2) phosphatidylinositol 4,5-bisphos-
phate, and (3) a heterogeneous group 
of proteins harboring poly-l-proline 
stretches. Through these interactions, 
pfn integrates signaling from a diverse 
array of extracellular cues with actin 
cytoskeleton dynamics. Cumulating evi-
dence indicates that changes in pfn levels 
are associated and may play a pathogenic 
role in such inflammatory diseases as ath-
erosclerosis and glomerulonephritis. We 
recently demonstrated that high fat diet 
(HFD) increases pfn expression in the 
white adipose tissue (WAT), but not in 
the liver or the muscle. Pfn heterozygote 
mice (PfnHet) were protected against 
HFD-induced glucose intolerance, and 
WAT and systemic inflammation, when 
compared to pfn wild-type mice. In addi-
tion to blunted accumulation of macro-
phages and reduced “pro-inflammatory” 
cytokines, the WAT of PfnHet exhibited 
preserved frequency of regulatory T cells. 
These findings suggest that pfn levels 
in WAT—both adipocytes and hema-
topoietic-derived cells—can modulate 
immune homeostasis within the WAT 
and glucose tolerance systemically. Here, 
we review the interaction of pfn with his 
diverse array of binding partners and dis-
cuss mechanisms that may underlie the 
effects of pfn dosage on insulin sensitivity 
and metabolic inflammation.

Introduction

It is estimated that obesity affects more 
than one-third of the US adult population1 
with its prevalence steadily increasing also 

in children and adolescents.2 The world-
wide social and economic burden of obe-
sity has recently led the American Medical 
Association and other key medical societ-
ies to recognize obesity as an independent 
disease, rather than simply a risk factor for 
a growing list of ailments. These include, 
but are not limited to, type 2 diabetes mel-
litus (T2DM), non-alcoholic fatty liver 
disease, atherosclerosis, and obstructive 
sleep apnea.

The hypothesis has been set forth 
that the low-grade chronic inflamma-
tion observed in experimental models 
of obesity and in obese individuals may 
represent a common pathophysiological 
trait of obesity-associated abnormalities.3 
As discussed below, several lines of inves-
tigations have helped define a dynamic 
cross-talk and possibly interdependence 
between the changes in the immune sys-
tem and metabolic processes occurring 
in obesity and insulin resistance (IR), 
both systemically and at the tissue level 
(reviewed in ref. 4).

Tremendous progress has been attained 
in our understanding of the events fueling 
this “metabolic” inflammation, and the 
efficacy of therapies targeting candidate 
inflammatory pathways is being actively 
investigated in patients with obesity and 
T2DM.5,6

Yet, the molecular mechanisms respon-
sible for immune cell recruitment in the 
adipose tissue and vascular wall upon high 
fat diet (HFD) remain largely elusive. In 
this context, we addressed the effect of 
profilin-1 in HFD-induced IR and adi-
pose tissue inflammation.

The members of the profilin family 
(profilin-1, -2, and -3) are well conserved 
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through lower and higher eukaryotes and 
were first characterized as small actin-
binding proteins regulating the dynamics 
of actin polymerization.7 Profilin-1 (pfn) 
binds G-actin and stimulates the exchange 
of ADP to ATP on G-actin, thereby con-
trolling the pool of ATP–actin in the cell. 
Also, the pfn•actin complex can promote 
actin filament elongation by directing 
actin monomers onto free barbed ends, 
following the dissociation of capping pro-
teins (Fig. 1).8

In addition to G-actin, pfn can bind 
to phosphoinositides (PI), including 
PI(4,5)-bisphosphate (PtdIns[4,5]P

2
),9 

and to poly-l-proline (PLP) stretches,10 
which are harbored by a plethora of 
proteins with such diverse functions as 

membrane trafficking, GTPase signal-
ing, and possibly transcriptional activity 
(reviewed in ref. 11). With regard to the 
latter, a small pool of pfn distributes to 
the nucleus, is actively shuttled back to 
the cytosol by exportin 6,12 and can regu-
late the activity of the transcription fac-
tor p42POP in cultured cells.13 Although 
its significance is poorly understood, 
pfn nuclear localization is an enticing 
finding because it could represent a link 
between cytoskeletal dynamics and tran-
scriptional activity or chromatin remod-
eling. Another relevant point in pfn cell 
distribution is that, despite the lack of 
a signal peptide, pfn can be secreted in 
the extracellular space, possibly in the 
context of small vesicles that originate 

from the multivesicular endosome called 
exosomes.14

Effects of Pfn Dosage in Vascular 
and Adipose Tissue Inflammation

The extensive information regarding 
pfn’s function in cell physiology is not 
matched by a clear understanding of its 
role in disease.

Initially, we became interested in pfn 
in the setting of a peptide-phage display 
library screening aimed at identifying 
proteins that were differentially expressed 
on the luminal surface of the aorta of dia-
betic rats, as compared with nondiabetic 
age-matched animals. We found that pfn 
expression was increased in the aortic 

Figure 1. Schematic overview of profilin-1 network of interactions. Profilin-1 can bind to G-actin, PIP2, and proteins with poly-l-proline (PLP) stretches, 
including VASP. other characterized PLP-containing profilin1-binding partners are not reported for simplicity. While a small amount of profilin-1 dif-
fuses into nucleus and possibly interacts with transcription factors (TF), the profilin-1•actin complex is exported back in the cytoplasm by exportin 6. 
Additionally, profilin-1 can be secreted extracellularly within exosomes, which originate from multivesicular endosome. Direct interactions between 
profilin-1 and ligands are indicated by solid lines, whereas presumable associations are indicated by dashed lines. Abbreviations: PIP2, phosphoinositi-
des 4,5-bisphosphate; VASP, vasodilator-stimulated phosphoprotein.
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endothelium of streptozotocin-diabetic 
rats, in endothelial cells (EC) exposed to 
oxidized cholesterol or oxidized LDL—
but not to high glucose concentrations— 
and in atherosclerotic lesions.15 Of note, 
the lack of regulation by high glucose con-
centration was in apparent contrast with 
prior findings in mesangial cells..16 Also, 
pfn heterozygote mice (PfnHet) showed a 
marked reduction in atherosclerotic bur-
den and macrophage accumulation in 
the vascular wall, when compared with 
pfn wild-type mice (PfnWT), and mac-
rophages isolated from PfnHet displayed 
blunting of inflammatory pathways.17 
Finally, we demonstrated that oxidized 
cholesterol was able to upregulate pfn 
expression in a STAT3-dependent manner 
in cultured EC and possibly in the aorta of 
diabetic rats.18

The upregulation of pfn in response 
to oxidized lipids and the decreased accu-
mulation of macrophages in PfnHet sug-
gested that pfn haploinsufficiency exerted 
its anti-atherogenic phenotype, at least 
in part, by reducing vascular inflamma-
tion, which is triggered by macrophage 
recruitment into the nascent plaque due to 
unregulated lipid accumulation.19

This low-grade inflammation in the 
vascular wall exhibits similarities with the 
chronic inflammation occurring in the 
expanding white adipose tissue (WAT)20 
that may contribute to the pathogenesis 
of IR and T2DM.21 In addition to mature 
adipocytes, the WAT comprises other cell 
types, including preadipocytes, fibroblasts, 
vascular EC, and smooth muscle cells, 
and immune cells such as adipose tissue 
macrophages (ATMs) and T cells, which 
together constitute the stromal vascular 
fraction (SVF). Specifically, WAT expan-
sion is accompanied by accumulation of 
ATMs22-24 with tremendous phenotypic 
heterogeneity and often displaying mixed 
M1/M2 features (reviewed in ref. 20). 
With regard to T cells, increased ratio of 
CD8+ to CD4+ T cells25 and decreased fre-
quency of regulatory T cells (Treg)26 were 
observed in HFD-fed mice. Mounting 
evidence indicates that WAT-specific 
Treg provide cues that influence immune 
homeostasis in WAT, possibly by keeping 
inflammation in check upon HFD or in 
genetic models of obesity.27

As mentioned above, PfnHet mice 
were protected against atherosclerosis.17 
Because of the common underpinnings 
between vascular wall and WAT inflam-
mation, we asked whether pfn could play 
a role in obesity-induced WAT inflamma-
tion. We found that HFD increased pfn 
expression in both adipocytes and SVF 
of epididymal WAT, but not in the liver 
or the muscle, and that pfn expression in 
WAT correlated with F4/80, an estab-
lished marker for mature macrophages. 
PfnHet mice fed HFD were protected 
from glucose intolerance, and exhibited 
reduced ATM accumulation and serum 
proinflammatory cytokines, when com-
pared with PfnWT mice. Of note, ATMs 
from PfnHet mice were biased toward a 
M2-like phenotype, which correlated 
with preserved Treg frequency (Fig. 2). 
No significant change in adipocyte size or 
number was noted in PfnHet mice.28 In 
humans, proteomic analysis of the sub-
cutaneous adipose tissue of “old” (52.2 
± 4.7, mean age ± SD) vs. BMI-matched 
“young” (26.2 ± 4.3) obese individuals 
revealed that pfn was more abundant in 
adipocytes isolated from the older group.29

So, how do pfn levels affect glucose 
tolerance and HFD-induced inflamma-
tion? Our findings suggest that pfn hap-
loinsufficiency maintains WAT immune 
homeostasis by “skewing” ATM toward 
an anti-inflammatory M2-like pheno-
type, possibly as a result of an intact pool 
of Treg in the face of HFD. However, we 
are cognizant of the limitations of such 
interpretation in the setting of this model 
of whole-body pfn haploinsufficiency. 
Here, we discuss hypotheses that expand 
the results presented in our recent paper28 
and that may contribute to the protective 
effects observed in PfnHet mice.

Pfn and WAT endothelial function
It has been proposed that IR contrib-

utes to the reduced production of nitric 
oxide (NO) in EC and to the endothelial 
dysfunction observed in patients with met-
abolic syndrome and T2DM.30,31 Reduced 
NO signaling, and overexpression of adhe-
sion molecules and chemotactic factors are 
hallmarks of endothelial dysfunction that 
may accelerate inflammatory processes 
within the vascular wall. Pfn overexpres-
sion in cultured EC upregulated ICAM-1 

expression and decreased NO signaling15 
and increased EC adhesion to fibronectin 
by increasing the recruitment of fibronec-
tin receptor to the plasma membrane.32 
Also, the pro-atherogenic factor homocys-
teine increased pfn expression in human 
umbilical vein EC treated under laminar 
flow conditions.33 On the other hand, 
PfnHet mice (backcrossed on the ath-
erosclerosis prone LDL-receptor deficient 
background) were protected against ath-
erosclerosis and the decrease in NO sig-
naling observed in PfnWT mice.17 In the 
vasculature, pfn can control NO signaling 
via at least 2 mechanisms: (1) the activa-
tion of eNOS and NO production in EC, 
and (2) the phosphorylation of VASP, 
which is a well-established downstream 
target of NO signaling in vascular smooth 
muscle cells15,34,35 but also a binding part-
ner of pfn by virtue of its PLP stretches.36

The consequences of HFD or obesity 
on WAT capillary EC are poorly under-
stood. Immune cell recruitment through 
extravasation at sites of inflammation 
requires a fine-tuned rearrangement of 
EC cytoskeleton.37 The role of excess pfn 
in the pathophysiology of endothelial dys-
function in vitro or in the aorta of athero-
sclerosis-prone mice suggests that pfn may 
exert similar effects in the WAT vascula-
ture upon HFD. However, isolation and 
ex vivo analysis of WAT capillary EC free 
of contaminating adhering blood elements 
has proven a daunting task (unpublished 
observation). Alternatively, studies in 
EC-specific pfn knockout would be infor-
mative but would not allow distinguish 
the effects of pfn in WAT capillaries vs. 
other vasculature beds.

In summary, the role of pfn in 
WAT endothelial dysfunction remains 
unproven; more broadly, the development 
of novel approaches to study freshly iso-
lated WAT capillary EC is a priority in 
the field as it would provide insight in the 
mechanisms for immune cell recruitment 
and possibly new therapeutic targets for 
IR and T2DM.

Pfn and PI3K/AKT signaling
Phosphatidylinositol 3-kinase (PI3K),  

which is essential for many cellu-
lar responses to insulin (reviewed in 
ref. 38), phosphorylates membrane 
bound PtdIns(4,5)P

2
 to generate 
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phosphatidylinositol 3,4,5-triphosphate 
(PtdIns[3,4,5]P

3
), which propagates 

the metabolic signals of insulin in part 
through the Akt pathway. The down-
stream targets of Akt include glucose 
transporters (GLUT), glycogen synthase 
kinase-3, the forkhead transcription fac-
tors, cAMP response element-binding 
protein, and under certain conditions 
eNOS. Of interest, pfn interacts with 
PtdIns(4,5)P

2
, the substrate for PI3K. 

Thus, one could speculate that pfn over-
expression in cells (e.g., adipocytes) would 
impede insulin signaling by sequestering 
PtdIns(4,5)P

2
 and that, conversely, the 

protective phenotype of PfnHet could be 
due to enhanced insulin action in insulin-
dependent tissues including the WAT. 
In this view, pfn overexpression in breast 
cancer cells reduced PtdIns(3,4,5)P

3
 

generation and suppressed Akt activation 
through PTEN upon EGF stimulation.39 
It remains unsettled if changes in pfn lev-
els affect insulin-mediated PI3K/Akt acti-
vation in insulin-dependent tissues.

GLUT4 translocation is another down-
stream target of insulin signaling that may 
be affected by pfn levels as the actin cyto-
skeleton is known to be crucial for insulin-
simulated GLUT4 translocation (reviewed 
in ref. 40). However, a modest pfn over-
expression in 3T3-L1, as a model for the 
2- to 3-fold HFD-induced upregulation, 
did not modify GLUT4 quantity or cell 
distribution under both basal and insu-
lin-stimulated conditions (unpublished 
observations, G.R.R.). These studies do 
not support the hypothesis that pfn over-
expression would per se impair glucose tol-
erance by affecting GLUT4 translocation, 

although they do not definitively rule 
out a more indirect role for pfn in insulin 
signaling.

Pfn and transcription factors
In addition to pfn nuclear localization, 

the interaction between pfn and nuclear 
proteins supports a possible role of pfn in 
transcriptional regulation. For example, 
pfn binds to the survival of motor neuron 
SMN protein,41 which is a nuclear factor 
that is essential for splicing.42 Additionally, 
pfn can regulate the activity of the tran-
scription factor p42POP in cultured cells.13 
These interactions appear to be mediated 
by the PLP binding domain of pfn. Our 
laboratory is currently investigating the 
hypothesis that pfn overexpression could 
enhance or suppress the transcriptional 
activity of nuclear factors with key func-
tions in inflammation.

Figure 2. Profilin-1 heterozygote mice are protected against high fat diet-induced Ir and inflammation. Under normal chow diet, adipose tissue stro-
mal vascular fraction (SVF) contains regulatory t cells (treg) and macrophages with a M2-like phenotype (green macrophages). Upon high fat diet, the 
SVF of wild-type mice exhibits increased accumulation of macrophages with a M1-like phenotype (red macrophages) and reduced frequency of Treg. 
Conversely, PfnHet mice showed a more heterogenous macrophage population (both red and green macrophages) and preserved treg population. this 
is an oversimplified representation of the diverse array of macrophage subsets observed upon high fat diet.
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Extracellular pfn
Pfn is commonly recognized as an 

intracellular protein since it primarily 
resides inside the cell and lacks a signal 
peptide. However, there is emerging evi-
dence that pfn may have extracellular 
functions. Pfn can be detected in the 
human serum under normal conditions; 
also, pfn serum levels positively correlate 
with the degree of aortic atherosclerosis 
in patients with coronary artery disease.43 
In the same study, we demonstrated that 
extracellular pfn could induce such pro-
atherogenic events as cell proliferation 
and chemotaxis.43 Extracellular pfn was 
also detected in an experimental model 
of glomerulonephritis.44 What are the 
stimuli and mechanisms for pfn secretion, 
and is there a specific receptor/ligand on 
the cell membrane? Pfn can be secreted 
in the extracellular space via exosomes,14 
which are small (50–100 nm) membrane 
vesicles of endocytic origin secreted by 
most cells including T cells, B cells, and 
dendritic cells. Exosomes are signaling 
payloads found to contain adhesion mol-
ecules, “danger signals” originating from 
apoptotic cells, mRNA, and microRNA 
(reviewed in refs. 45 and 46) that can 
exert various effects on target immune 
cells (reviewed in ref. 47).

To date, there is no evidence that pfn 
specifically recognizes any cell membrane 
receptor(s). This scientific gap has limited 
our understanding of the putative func-
tions of extracellular pfn and its role in 
disease.

In summary, it is now recognized that 
pfn function extends beyond its key role 
in the actin cytoskeleton. Studies from 
many laboratories highlighted the hetero-
geneity of pfn binding partners and impli-
cated pfn in basic cellular processes. Our 
recent findings demonstrated that PfnHet 
are protected against HFD-induced glu-
cose intolerance and WAT and systemic 
inflammation, possibly through main-
taining AT homeostasis. These findings 
are likely the integrated “net outcome” of 
pfn effects on distinct pathways, includ-
ing activation of yet-to-be characterized 
nuclear factors, binding to putative extra-
cellular partners, and modulation of insu-
lin signaling.

Sorting which of these platform(s) 
mediate metabolic effects of pfn will likely 

provide meaningful information in the 
pathogenesis of IR and T2DM, and will 
pave the way for novel targeted therapeu-
tic approaches to these conditions.
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