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Background: Interactions between environmental conditions and monocyte phenotype are critical for the development of
vascular complications in diabetes.
Results:Modulation of ER stress by vitamin D controls monocyte/macrophage phenotype and vascular adhesion.
Conclusion: Vitamin D is a natural ER stress reliever that promotes an anti-inflammatory monocyte/macrophage phenotype.
Significance: Vitamin D is a potential therapy to reduce vascular complications in diabetics.

Cardiovascular disease is the leading cause ofmorbidity/mor-
tality in patientswith type 2 diabetesmellitus (T2DM), but there
is a lack of knowledge about the mechanism(s) of increased ath-
erosclerosis in these patients. In patients with T2DM, the prev-
alence of 25-hydroxy vitamin D (25(OH)D) deficiency is almost
twice that for nondiabetics anddoubles the relative risk of devel-
oping cardiovascular disease compared with diabetic patients
with normal 25(OH)D. We tested the hypothesis that mono-
cytes from vitamin D-deficient subjects will have a proathero-
genic phenotype comparedwith vitaminD-sufficient subjects in
43 patients with T2DM. Serum 25(OH)D level inversely corre-
lated with monocyte adhesion to endothelial cells even after
adjustment for demographic and comorbidity characteristics.
Vitamin D-sufficient patients (>30 ng/ml 25(OH)D) had lower
monocyte endoplasmic reticulum (ER) stress, a predominance
ofM1overM2macrophagemembrane receptors, anddecreased
mRNA expression of monocyte adhesion molecules PSGL-1,
�1-integrin, and �2-integrin compared with patients with
25(OH)D levels of <30 ng/ml. In vitamin D-deficient macro-
phages, activation of ER stress increased adhesion and adhesion
molecule expression and induced an M2-predominant pheno-
type. Moreover, adding 1,25(OH)2D3 to vitamin D-deficient
macrophages shifted their phenotype toward an M1-predomi-

nant phenotype with suppressed adhesion. Conversely, deletion
of the vitaminD receptor inmacrophages fromdiabetic patients
activated ER stress, accelerated adhesion, and increased adhe-
sion molecule expression. The absence of ER stress protein
CCAAT enhancer-binding protein homologous protein sup-
pressedmonocyte adhesion, adhesionmolecule expression, and
the M2-predominant phenotype induced by vitamin D defi-
ciency. Thus, vitamin D is a natural ER stress reliever that
induced an antiatherogenic monocyte/macrophage phenotype.

Nearly 26millionAmericans suffer from type 2 diabetesmel-
litus (T2DM),4 a disease with an increased risk of cardiovascu-
lar disease, the leading cause of morbidity and premature mor-
tality inWestern populations (1). Very little is known about the
mechanisms bywhich insulin resistance and chronic inflamma-
tion promote vascular complications in patients with T2DM.
Accumulation of monocyte-derived cells in the vessel wall is a
key feature of diabetes-related complications, but it is unclear
whether a shift of monocyte subtype influences this vascular
inflammation. Peripheral blood monocytes are typically
defined by cell surface lipopolysaccharide receptor CD14 and
Fc� receptor III CD16 as CD14hi/CD16� (classical) and
CD14lo/CD16� (nonclassical) (2). The proportion of CD14lo/
CD16� monocytes rises in patients with coronary artery dis-
ease compared with healthy controls and significantly corre-
lates with carotid intimal medial thickness in healthy
populations (3, 4). In contrast, diabetic patients with coronary
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artery disease have no difference in the proportion of CD14lo/
CD16� monocytes compared with diabetics or healthy individ-
uals without coronary artery disease, thus raising controversy
regarding the importance of these monocyte phenotype mark-
ers in vascular disease (5). Monocytes also express the same
surface markers used to classify macrophages into the classi-
cally activated M1 or alternatively activated M2 subtype, and
mounting evidence indicates the importance of these subtypes
in the development of atherosclerosis (6, 7). In obese subjects,
peripheral monocytes have reduced expression of M2 markers
(8). Monocytes from obese type 2 diabetics have lower levels of
IL-10 and CD163 expression compared with obese nondiabet-
ics, suggestive of decreased M2 macrophage markers, and this
phenotype correlates with increased arterial stiffness (9). How-
ever, the contribution of thesemonocyte phenotypes to athero-
sclerotic development is unknown. Both the M1 and M2
macrophage subtypes are known to be present in plaques (6).
M1 macrophages, induced by IFN�, release proinflammatory
cytokines and generate reactive oxygen and nitrogen interme-
diates, accelerating additional immune cell recruitment and
vascular subendothelial cell remodeling (10).M2macrophages,
induced by IL-4, IL-10, or immunocomplex plus LPS, represent
a more heterogeneous group of cells with pro- and anti-inflam-
matory functions (11), characterized by increased IL-10 secre-
tion and suppressed IL-12 expression (11–13). Current knowl-
edge is evolving but suggests that M1 macrophages perpetuate
inflammation associatedwith atherosclerosis, whereasM2 cells
are more likely to become foam cells (8, 14, 15). However, the
balance between M1 and M2 monocytes in the promotion of
atherosclerosis has not been well characterized.
Monocyte infiltration as part of inflammatory responses first

requires the adhesion of monocytes to the endothelium
throughmultiple cell-cell interactions. These include the inter-
action of circulating monocyte P-selectin glycoprotein ligand 1
(PSGL-1)with P- or E-selectin to tethermonocytes to the endo-
thelium, followed by the interaction ofmonocyte�1- and�2-in-
tegrin with intercellular adhesion molecule 1 and vascular cell
adhesionmolecule 1 to promote tight adhesion (16). In patients
with diabetes, high glucose conditions enhance monocyte
adhesion to the endothelium by increasing integrin subunit
expression on monocytes and increasing secretion of endothe-
lial adhesion molecules (17–20). Interestingly, insulin resist-
ance without hyperglycemia similarly up-regulates adhesion
molecules and increases adhesion (21, 22). Insulin resistance is
also a potent inducer of prolonged endoplasmic reticulum (ER)
stress in monocytes and macrophages (23, 24). The ER is a
dynamic membranous organelle that facilitates correct protein
modification, folding, and maturation of proteins. Unfolded
protein response (UPR) is an adaptive intracellular signaling
pathway that responds to ER stress by attenuating global pro-
tein translation and degrading unfolded proteins (25, 26). In
mouse models of diet-induced insulin resistance and athero-
sclerosis, up-regulated UPR markers are detected in intimal
macrophages at early stages of vascular inflammation, prior to
development of fatty streaks or atherosclerotic plaques (27).
Suppression of ER stress in the same mouse models decreases
vascular inflammation and prevents the development of ather-
osclerosis (28, 29). Therefore, understanding whether the

increased ER stress in monocytes from diabetics generates a
subtype that accelerates vascular inflammation will be essential
in the generation of therapeutic targets.
Vitamin D deficiency is a largely unacknowledged epidemic

associated with incident T2DM and cardiovascular disease
(30–32). Deficiency of 25-hydroxy vitamin D (25(OH)D), the
principal storage form of vitamin D, is 30% more prevalent in
diabetics than in control subjects and nearly doubles the rela-
tive risk of developing cardiovascular disease compared with
diabetic patientswith normal 25(OH)D levels (33, 34). The vita-
min D receptor (VDR) and its converting enzyme, 25(OH)D3-
1�-hydroxylase, are present in monocytes and macrophages.
1,25-dihydroxy vitamin D (1,25(OH)2D), the active form of
vitaminD, facilitates adhesion inmonocytic cell lines and stim-
ulates differentiation of myeloid progenitors into macrophages
in vitro through the VDR (35, 36). In freshly isolatedmonocytes
from type 2 diabetics or nondiabetic patients, vitamin D pre-
vents production of multiple proinflammatory cytokines
(TNF�, IL-1, and IL-6) after stimulationwith LPS through inhi-
bition of nuclear factor �-light chain enhancer of activated B
cells (NF-�B) p65 phosphorylation and p38 phosphorylation
(37, 38). During monocyte differentiation, the ER reorganizes
both structurally and functionally to carry out new cell func-
tions, leading to ER stress (39, 40). We have shown that
1,25(OH)2D3 suppresses ER stress in macrophages from dia-
betic patients and prevents foam cell formation, indicating that
active vitamin D modulates macrophage atherogenic proper-
ties through an ER stress-dependent mechanism (41). Further-
more, we have shown that the suppression of ER stress shifts
M2-predominant macrophages to M1-predominant cells and
decreases foam cell formation, suggesting that regulation of
ER stress by vitamin D could be a potential therapy for
atherosclerosis.
To determine whether vitamin D has ER stress-dependent

effects on innate immune cell properties that influence the pro-
inflammatory state seen in patients with diabetes, we collected
peripheral blood monocytes from patients with and without
T2DM with varying levels of serum 25(OH)D. We evaluated
whether vitaminD level is associatedwithmarkers ofmonocyte
subtypes, the relative balance of M1 and M2 cells, and mono-
cyte/macrophage adhesion to fibronectin and human endothe-
lial cells.We also explored the effects of vitaminDon ERhome-
ostasis in regulation of the monocyte/macrophage phenotype
and proatherogenic properties in type 2 diabetic patients.

EXPERIMENTAL PROCEDURES

Study Design—Weperformed a cross-sectional analysis of 43
patients with T2DM and 25 patients without diabetes with
varying levels of 25(OH)D. The subjects were voluntarily
recruited from the outpatient clinics atWashington University
School of Medicine and Barnes-Jewish Hospital (St. Louis,
MO). Subjects underwent a single venous blood draw for
monocyte isolation, and the 25(OH)D level was measured by
radioimmunoassay through DiaSorin (Stillwater, MN).
Isolation and Preparation of Human Monocytes/Macro-

phages—Peripheral monocytes were isolated by standard Ficoll
isolation techniques and selected by CD14 marker positivity
(Miltenyi Biotec, Auburn, CA). Monocytes were stabilized for
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3 h in 100% serum from the original patient to mimic in vivo
conditions prior to any procedures. To induce differentiation of
monocytes into vitamin D-deficient or -sufficient macro-
phages, monocytes were cultured for 5 days in vitamin D-defi-
cient medium (deficient in both 25(OH)D and 1,25(OH)2D;
obtained by DMEM plus 10% charcoal/dextran-treated FBS)
supplemented with macrophage colony-stimulating factor
(Sigma) with or without 1,25(OH)2D3 at 10�8 mol/liter. ER
stress was inhibited by adding phenyl butyric acid (PBA; Calbi-
ochem, San Diego, CA) for 16 h to macrophages cultured in
vitamin D-deficient medium. ER stress was induced by adding
thapsigargin (Sigma) for 24 h to macrophages cultured in vita-
min D-supplemented medium.
Isolation of Murine Monocytes—Peripheral blood and bone

marrow monocytes were derived from 12-week-old C57BL/6
mice lacking CCAAT enhancer-binding protein homologous
protein (CHOP) (Jackson Laboratory, Bar Harbor, ME) and
WT C57BL/6 mice fed a vitamin D-deficient diet for 4 weeks.
The monocytes were selected by CD11b marker positivity
(Miltenyi Biotec). The monocytes were stabilized for 3 h in
DMEM plus 10% serum from the original mouse to mimic in
vivo conditions prior to any procedures.
Adhesion Assays—96-well plates were coated with human

umbilical vein endothelial cells (HUVEC; Lonza, Atlanta, GA;
3 � 105 cells/well) or with fibronectin (Sigma) overnight. The
monocytes andmacrophages (0.1� 105 cells/plate) were added
toHUVECor to fibronectin-coated plates and incubated for 4 h
at 37 °C. Adhered cells were then washed, fixed in formalde-
hyde, and stained with crystal violet. Well absorbance was read
at 585 nm.
Gene Expression and Western Blot Analysis—Reverse tran-

scription-qPCR analyses were performed by Sybrgreen meth-
odologies (supplemental Table S1). The results were normal-
ized to the housekeeping gene L32.Western blot analyses from
macrophage protein extracts were normalized to �-actin
expression.
Flow Cytometry of Primary HumanMonocytes/Macrophages—

Monocytes derived frompatients were incubatedwith antibod-
ies for markers of monocyte differentiation (CD16-FITC and
CD14-PE; E-Bioscience, San Diego, CA), M1 macrophage dif-
ferentiation (CCR7-APC and CD86-PE; E-Bioscience), andM2
macrophage differentiation (CD163-PE and mannose receptor
(MR)-PE-CyTM5; BD Pharmingen, San Diego, CA) (supple-
mental Fig. S1). Antibody specificity for M1 and M2 markers
was validated using stimulated macrophages differentiated
from vitamin D-sufficient human monocytes to induce the M1
or M2 phenotype (IFN�/LPS to stimulate M1 and IL-4, IL-10,
or immunocomplex plus LPS to stimulate M2; supplemental
Fig. S1). Stained cells were analyzed by flow cytometry on a
FACStar Plus. The macrophage phenotype ratio (MPR) was
calculated as (CCR7 � CD86 expression)/(CD163 � MR
expression), all expressed as a percentage of cells positive, to
determine the relative abundance of M1 and M2 cell subtypes
(see further details in supplemental methods and supplemental
Figs. S2 and S3).
Plasmids and Small Interfering RNA—Human monocytes

were cultured for 5 days to induce macrophage differentiation
in vitamin D-sufficient conditions and then infected with len-

tivirus containing either VDR-siRNAor control-siRNA. Assays
were performed 72 h after recovering from viral infection.
Statistical Analysis—SPSS and GraphPad Prism software

were used for statistical calculations. Descriptive variables were
expressed as themeans� S.D. for continuous data and as a ratio
for categorical data. Experiments were carried out with dupli-
cate or triplicate samples. Analytic data were expressed as the
means � S.E. for continuous variables. Normal distribution of
continuous variables was verified graphically. Pearson correla-
tions were used to compare continuous variables. Statistical
significance of differences was calculated using a t test for para-
metric data involving two groups or one-way analysis of vari-
ance followed by Tukey’s post-test for parametric data involv-
ing three or more groups. The differences were considered
statistically significant if p � 0.05.
To address possible confounders of the associations between

25(OH)D level and monocyte phenotype caused by demo-
graphic characteristics or comorbidities, we performed simple
and multiple linear regression models for each monocyte out-
come, including adhesion to fibronectin, adhesion to HUVEC,
and macrophage phenotype ratio. Demographic information
included gender, race, and age. The comorbidity data were first
divided by comorbidity type (T2DM, hypertension, dyslipi-
demia, tobacco use, and obesity) to select the factor from each
category with the strongest association with themonocyte out-
comes or, if none were significant, that which we judged most
likely to be reflective of current disease. For each demographic
and comorbidity characteristic, we performed a simple linear
regression model with each monocyte outcome and then
expanded each model by force-entering 25(OH)D level to
determine improvement in the model. For the final model for
each monocyte outcome, we performed a multiple linear
regression model with two force-entered blocks, the first
including the measures of comorbidities (A1c, systolic blood
pressure, statin use, any tobacco use, and body mass index
(BMI)) and demographics (gender, race, age) and the second
including 25(OH)D level to determine the improvement in the
model with the addition of vitamin D. We recognize that the
final nine factors included in the regression models are greater
than typically used for this sample size, but because the
25(OH)D level consistently showed a significant improvement
in each individual model, we included both comorbidity and
demographic data in the final models.

RESULTS

Population—The initial population consisted of 25 healthy,
nondiabetic subjects whowere predominantly female and Cau-
casian. This population had amean age of 36� 12 years, BMI of
26 � 7 kg/m2, blood pressure of 124/80 � 17/10 mm Hg, and
25(OH)D level of 26 � 12 ng/ml. Only 16% had hypertension,
4% had dyslipidemia, and 16% had a current or past history of
tobacco use. We also studied 43 obese adult subjects with
T2DM, 51% female with race distribution 51% African Ameri-
can and 49%Caucasian. This populationhad amean age of 56�
8.8 years, BMI of 38 � 7.7 kg/m2, blood pressure of 135/80 �
16/10 mmHg, and 25(OH)D level of 25 � 12 ng/ml. 41% had a
well controlled T2DMwithA1c level�7.0%, 16%were on insu-
lin therapy, and almost half (48%) had T2DM for more than 5
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years. Most were on treatment for hypertension (74%) and/or
dyslipidemia (57%), and 18% were active smokers.
Vitamin D Status Correlates with Atherogenic Monocyte

Properties—To determine whether vitamin D status is associ-
atedwith inflammatory properties ofmonocytes, we performed
functional adhesion assays in monocytes from diabetic and
nondiabetic patients with varying 25(OH)D levels. In healthy,
nondiabetic controls, 25(OH)D level did not correlate with
monocyte adhesion to fibronectin (Fig. 1A; R2 � 0.005, p �
0.74). In contrast, in patients with diabetes, monocyte adhesion
to both fibronectin and HUVEC was inversely associated with
25(OH)D level (Fig. 1, B and C; R2 � 0.450 and 0.370, respec-
tively, p � 0.001 for both). We also noted that a 25(OH)D level
of 30 ng/ml was a natural cutoff delineating high versus low
monocyte adhesion in the diabetic patients, despite a lack of
difference in total monocyte count or in monocytes as a per-
centage of white blood cells between the subgroups with
25(OH)D �30 ng/ml versus �30 ng/ml. Furthermore, in
patients with 25(OH)D level �30 ng/ml, adhesion to fibronec-
tin was significantly higher in diabetics than in nondiabetic

controls (1.13 � 0.047 versus 0.969 � 0.014, p � 0.05). Con-
versely, in patientswith 25(OH)D levels of�30ng/ml, adhesion
to fibronectin was significantly lower in diabetics than in non-
diabetic controls (0.439 � 0.038 versus 0.979 � 0.031, respec-
tively, p � 0.001), overall suggesting that vitamin D status may
link type 2 diabetes to its vascular inflammation.
To further investigate the correlations between vitamin D

and monocyte adhesion, we assessed expression of cell surface
adhesion molecules in monocytes from a subset vitamin D-de-
ficient (�30 ng/ml 25(OH)D) or vitamin D-sufficient (�30
ng/ml 25(OH)D) diabetics. As expected, we found that the
mRNA expression of PSGL-1 and �1- and �2-integrin were all
higher in monocytes from vitamin D-deficient compared with
vitamin D-sufficient diabetics (Fig. 1, D–F; p � 0.001 for all),
suggesting increased atherogenic behavior with a lower
25(OH)D level.
Vitamin D Status and Monocyte Adhesion Correlate with

Macrophage Phenotype Ratio in Diabetics—Previous studies
foundno difference in the proportion ofCD14lo/CD16�mono-
cytes between diabetic patients with and without coronary

FIGURE 1. Serum 25(OH)D correlates with monocyte adhesion in diabetics. A–C, functional adhesion assays performed in monocytes from healthy non-
diabetics (A; n � 25) and type 2 diabetics (B and C; n � 43). Scatterplots of correlation between 25(OH)D and absorbance of monocytes adhered to fibronectin
(A and B; p � 0.74 for A and p � 0.001 for B) or HUVEC (C; p � 0.001). The solid lines indicate regression lines. The dashed lines indicate 25(OH)D of 30 ng/ml. D–F,
qPCR for mRNA of adhesion molecules PSGL-1 (D; n � 6/group), �1-integrin (E; n � 8/group), and �2-integrin (F; n � 8/group) relative to L32 in monocytes from
vitamin D-sufficient and vitamin D-deficient diabetics (*, p � 0.001 for all, versus vitamin D-deficient).
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artery disease (5). In this study, we performed flow cytometry
for membrane receptors CD14 and CD16 in monocytes from
the first 40% of the diabetic patients and found no significant
correlation between the proportion of CD14lo/CD16� cells or
CD14hi/CD16� cells andmonocyte adhesion (fibronectin,R2�
0.05 and 0.003, p � 0.35 and 0.82, respectively; HUVEC, R2 �
0.12 and �0.001, p � 0.14 and 0.991, respectively) or 25(OH)D
level (R2� 0.03 and 0.04, p� 0.46 and 0.39, respectively). These
data support the lack of correlation between the monocyte
CD14/CD16 classification and atherogenesis in diabetics and
suggest that the properties defining thesemonocyte subsets are
distinct from those that are affected by vitamin D.
Recently, macrophage membrane markers that classify M1

andM2 subtypes have been found in circulatingmonocytes (9).
Therefore, we explored whether the expression of these cell
markers could potentially predict adhesion to the endothelium
and explain the effects of vitamin D on monocyte function in
diabetics. 25(OH)D level demonstrated a significant inverse
correlation with macrophage M1 markers (CCR7 and CD86)
and M2 markers (CD163 and MR) individually (R2 � 0.177–
0.504, p � 0.01 for all) in diabetics (supplemental Fig. S4), sup-
porting the immunosuppressive effects of vitamin D. To nor-
malize for individual variability in overall marker expression
level and provide a more integrative assessment of the overall
monocyte/macrophage phenotype, we devised themacrophage
phenotype ratio (MPR: (CCR7 � CD86 expression)/(CD163 �
MR expression)) as a measure of the phenotype balance (M1
versus M2). The MPR is expected to be greater than 1 with a
predominance of M1 markers and less than 1 with a predomi-
nance of M2 markers.
We subsequently calculatedMPRs for themonocytes of each

patient. 25(OH)D level positively correlated with the MPR in
diabetics (Fig. 2A;R2� 0.336, p� 0.001), but not in nondiabetic

controls (R2 � 0.104, p � 0.31), revealing that decreasing levels
of 25(OH)D are associated with an increased proportion of M2
compared with M1 markers in diabetics. The mean MPR of
diabetics with vitaminDdeficiencywas significantly lower than
in those with vitamin D sufficiency (0.83 � 0.02 versus 1.00 �
0.03, p � 0.001). In addition, monocytes from vitamin D-defi-
cient diabetics had higher IL-10 and lower IL-12mRNAexpres-
sion compared with vitamin D-sufficient monocytes (supple-
mental Fig. S5, A and B; p � 0.005 for both), confirming the
phenotype of an M2-predominant population in vitamin D
deficiency. Lower MPR was also significantly associated with
increased adhesion to fibronectin andHUVEC in diabetics (Fig.
2, B and C; R2 � 0.293, p � 0.001 and R2 0.188, p � 0.01,
respectively). There was no significant relationship between
MPR and adhesion in nondiabetic controls (R2 � 0.055, p �
0.46). Thus, vitamin D deficiency in diabetics is associated with
a proatherogenic monocyte phenotype characterized by a pre-
dominance of M2 macrophage marker expression.
Vitamin D Status Is Independently Associated withMonocyte

Function after Adjustment for Confounders—Toensure that the
associations found between 25(OH)D level and monocyte phe-
notype were not a result of confounding factors, we first per-
formed simple linear regression to model the relationship
between each demographic or comorbidity characteristic and
each monocyte outcome, including adhesion to fibronectin,
adhesion to HUVEC, and macrophage phenotype ratio. Sur-
prisingly, of 16 potential confounders, only statin use had a
significant association (p � 0.039) with any of the monocyte
outcomes and was only associated with the MPR. For each of
five comorbidity types (T2DM, hypertension, dyslipidemia,
tobacco, and obesity), we selected the characteristic most pre-
dictive of the outcomes, or, in the case where none were signif-
icant, that most likely to reflect current disease state, ultimately

FIGURE 2. Monocyte receptor phenotype correlates with serum 25(OH)D and monocyte adhesion in type 2 diabetics. Flow cytometry of monocytes from
type 2 diabetics was performed to quantify membrane receptor expression. A, scatterplot of Pearson correlation (n � 40) between serum 25(OH)D and MPR
(ratio of sum of M1 markers CD86 and CCR7 to sum of M2 markers CD163 and MR) (p � 0.001). B and C, scatterplots of Pearson correlation (n � 40) between MPR
and absorbance of monocytes adhered to fibronectin (B; p � 0.001) or HUVEC (C; p � 0.01). The solid lines indicate regression lines.
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including hemoglobin A1c, systolic blood pressure, statin use,
any history of tobacco use, and BMI. For each of these comor-
bidity characteristics, as well as the demographic characteris-
tics (gender, race, and age), we force-entered 25(OH)D level
into the original simple regressionmodel to determinewhether
vitaminD status improved themodel. In all cases, the 25(OH)D
level significantly improved the model, and the initial
R-squared values of 0–11% increased by 23–50% over all out-
comes (supplemental Table S2), suggesting that vitamin D sta-
tus is more strongly associated with monocyte behavior than
any other single demographic or comorbidity characteristic.
Finally, we performed a multiple linear regression model for
each monocyte outcome including all of the demographic and
selected comorbidity characteristics force-entered into one
block and then entered 25(OH)D level in a second block. For
monocyte adhesion to fibronectin and toHUVEC, as well as the
MPR, 25(OH)D level remained independently associated after
adjustment for A1c, systolic blood pressure, statin use, any
tobacco use, BMI, gender, race, and age, with an increase in the
R-squared value of�30% in each case (supplemental Table S3),
suggesting that 25(OH)D status is strongly and independently
associated with monocyte properties in patients with diabetes.
1,25(OH)2D3 Suppresses Adhesion and M2 Macrophage Dif-

ferentiation Induced by Vitamin D Deficiency in Diabetes—To
determine whether vitamin D regulates macrophage adhesion
and modifies their phenotype, we assessed M1 and M2 marker
expression in monocyte-derived macrophages from diabetic
patients cultured in vitamin D-deficient or 1,25(OH)2D3-sup-
plemented conditions. Vitamin D-deficient macrophages
expressed 50–70% higher CD163 and MR and 25–40% lower
CCR7 and CD86 compared with macrophages cultured in
1,25(OH)2D3-supplemented media (Fig. 3A, p � 0.001 for all
receptors). To further characterize the balance of M1 and M2
subtypes, we assessed theMPRs. Vitamin D deficiency resulted
in an M2-predominant MPR �1 for all samples, whereas
macrophages supplementedwith 1,25(OH)2D3 had anM1-pre-
dominant MPR �1 (Fig. 3A, inset). In addition, vitamin D-de-
ficient macrophages expressed higher IL-10 and lower IL-12
mRNA compared with 1,25(OH)2D3-supplemented macro-
phages (supplemental Fig. S5, C and D) consistent with the
cytokine profiles predicted by cell surface markers. These data
suggest that vitamin D deficiency is characterized by M2-pre-
dominant macrophage differentiation. Next, we performed
functional adhesion assays in macrophages in both vitamin D
conditions. Vitamin D-deficient macrophages had 30% greater
adhesion to fibronectin (Fig. 3B; p � 0.001) and accordingly
showedhighermRNAexpression levels of PSGL-1,�1-integrin,
and�2-integrin (Fig. 3,C andD; p� 0.05 for all) comparedwith
1,25(OH)2D3-supplemented cells, suggesting overall that vita-
min D reduces proatherogenic properties in monocytes and
macrophages.
To clarify whether M2-predominant macrophage differenti-

ation and increased adhesion induced by vitamin D deficiency
are reversible, we first differentiatedmacrophages from diabet-
ics in vitamin D-deficient media for 5 days and then supple-
mented with 1,25(OH)2D3 or maintained vitamin D-deficient
media for an additional 5 days. 1,25(OH)2D3-replaced cells
demonstrated a 20–25% increase in CCR7 and CD86, a 20%

decrease inCD163 andMR, a significant increase in theMPR to
�1, and decreased adhesion to fibronectin when compared with
macrophagesmaintained invitaminD-deficientconditions (Fig. 3,
F andG;p�0.05 for all), indicating that 1,25(OH)2D3 supplemen-
tation reversedmacrophage phenotype.
Down-regulation of ER Stress by 1,25(OH)2D3 PreventsMono-

cyte/Macrophage Adhesion and M2 Differentiation in Cells
from Diabetics—We have previously demonstrated that sup-
pression of macrophage ER stress by 1,25(OH)2D3 prevents
intracellular cholesterol deposition (41). Thus, we first evalu-
ated whether ex vivomonocytes from vitamin D-deficient non-
diabetic controls and diabetics have increased ER stress.
Expression of phospho-protein kinase RNA-like endoplasmic
reticulum kinase (p-PERK), phospho-inositol-requiring
enzyme 1� (p-IRE1�), IRE1�, and CHOP were increased in
vitamin D-deficient subjects when compared with monocytes
from vitaminD-sufficient subjects in both nondiabetic controls
and in diabetics. Furthermore, monocytes from diabetic
patients had increased expression of p-PERK, p-IRE1�, and
CHOP when compared with those from nondiabetic controls,
regardless of vitaminD status (Fig. 4A and supplemental Fig. S6,
A and B). Similarly, ER stress protein expression was increased
in macrophages from diabetics cultured in vitamin D-deficient
versus vitaminD-supplemented conditions (Fig. 4B and supple-
mental Fig. S6C), suggesting that multiple UPR signaling path-
ways are up-regulated by vitamin D deficiency and by diabetes.
To determine whether ER stress is essential for the M2-pre-

dominant differentiation and increased macrophage adhesion
induced by vitamin D deficiency, we cultured macrophage col-
ony-stimulating factor-differentiated macrophages from dia-
betic patients in vitaminD-deficient conditionswith orwithout
PBA, an ER stress reliever. PBA treatment down-regulated
macrophage ER stress activation as shown by lower p-PERK,
p-IRE1�, IRE1�, and CHOP expression (Fig. 4C and supple-
mental Fig. S7A). PBA increased CCR7 and CD86 and sup-
pressed CD163 and MR membrane expression (Fig. 4D; p �
0.05 for all receptors), shifting the MPR to �1, as well as
decreasing IL-10 and increasing IL-12 mRNA expression (Fig.
4D, inset, and supplemental Fig. S7, B and C), compared with
non-PBA-treated macrophages, consistent with an M1-pre-
dominant expression pattern. In addition, PBA suppressed
adhesion to fibronectin (Fig. 4E; p � 0.05) and expression of
adhesion molecules PSGL-1, �1-integrin, and �2-integrin, (Fig.
4, F–H; p � 0.05 for all) compared with non-PBA-treated cells.
Finally, we stimulated ER stress inmacrophages cultured under
1,25(OH)2D3-supplemented conditions by treating with thap-
sigargin, an ER stress inducer. Thapsigargin-treated macro-
phages had increased ER stress activation (Fig. 5A and supple-
mental Fig. S7D), with an M2-predominant phenotype (high
MR and CD163 and low CCR7 and CD86 membrane expres-
sion) characterized by MPR �1 (Fig. 5B; p � 0.05 for all recep-
tors andMPR) and high IL-10 and low IL-12mRNA expression
(Fig. S7, E and F). Thapsigargin also enhanced adhesion to
fibronectin (Fig. 5C; p � 0.005) and increased expression of
PSGL-1, �1-integrin, and �2-integrin (Fig. 5, D–F; p � 0.05 for
all) compared with 1,25(OH)2D3-supplemented macrophages.
Thus, vitamin D acts through ER stress pathways to affect
monocyte phenotype.
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Because PBA is a nonspecific ER stress inhibitor, we studied
whether CHOP, a downstream protein of a branch of the UPR
induced in advanced murine and human coronary artery
plaques, is essential for regulation of monocyte/macrophage
adhesion by vitamin D (42, 43). In blood peripheral monocytes
and bone marrow (BM) monocytes from vitamin D-deficient
mice, the absence of CHOP prevents theM2 phenotype. Circu-
lating monocytes and BMmonocytes from vitamin D-deficient
WT mice have an MPR �1, consistent with an M2-predomi-
nant phenotype, similar to our findings inmonocytes fromvita-
minD-deficient diabetic patients. Conversely, in the absence of
CHOP, monocytes and BM monocytes had an M1-predomi-
nant with MPR �1 (Fig. 5, G and H, insets) despite vitamin D
deficiency when compared with cells fromWT mice (Fig. 5, G
andH; p� 0.005 for all receptors andMPRs). Moreover, in BM

monocytes, the absence of CHOP suppressed adhesion to
fibronectin (Fig. 5I; p � 0.05) and decreased mRNA expression
of PSGL-1, �1-integrin, and �2-integrin (Fig. 5, J–L; p� 0.05 for
all) when compared withWT. Taken together, these data suggest
that vitaminD functions as an ER stress reliever inmonocytes and
macrophages, promoting an antiatherogenic phenotype.
Absence of VDR Signaling Increases Macrophage Adhesion

and M2 Differentiation—1,25(OH)2D3 acts primarily through
the VDR and is known to induce its expression but is also
known to have rapid, nongenomic actions upon binding to
other proteins at target cells (44). In this study, we demon-
strated that vitaminD receptor expressionwas higher inmono-
cytes from vitamin D-sufficient patients compared with those
from vitamin D-deficient patients (supplemental Fig. S8A),
regardless of diabetes status, suggesting that higher serum lev-

FIGURE 3. Active vitamin D supplementation of macrophages suppresses vitamin D deficiency-induced macrophage adhesion and M2 differentia-
tion. A–E, monocytes from type 2 diabetics were differentiated into macrophages in vitamin D-deficient or 1,25(OH)2D3-supplemented conditions. A, MPR
(inset; *, p � 0.001 versus vitamin D-deficient) and flow cytometry quantification of membrane receptors CCR7 (white), CD86 (light gray), CD163 (dark gray), and
MR (black) (n � 9/group; *, p � 0.001 versus same receptor in vitamin D-deficient). B, absorbance of macrophages adhered to fibronectin (n � 6/group; *, p �
0.001 versus vitamin D-deficient). C–E, qPCR for mRNA of adhesion molecules PSGL-1 (C; n � 6/group), �1-integrin (D; n � 4/group), and �2-integrin (E; n �
6/group; *, p � 0.05 for all, versus vitamin D-deficient) relative to L32. F and G, macrophages were cultured in vitamin D-deficient media for 5 days and then
supplemented with or without 1,25(OH)2D3. F, MPR (inset; *, p � 0.001 versus vitamin D-deficient) and flow cytometry quantification of membrane receptors
(n � 12/group; *, p � 0.05 versus same receptor in vitamin D-deficient). G, absorbance of macrophages adhered to fibronectin (n � 3/group; *, p � 0.05 versus
vitamin D-deficient). Vit. D Def., vitamin D-deficient; Vit. D Suff., vitamin D-sufficient; Vit. D Repl., vitamin D-replaced.
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els of the precursor 25(OH)D generate more 1,25(OH)2D to
induce VDR expression. To determine whether the effects of
vitamin D on macrophage adhesion in cells from diabetics
are VDR-dependent, we infected macrophages cultured in
1,25(OH)2D3-supplemented media with lentivirus containing
either VDR-siRNA or control-siRNA hairpins. With attenuated
VDR signaling (supplemental Fig. S8B), VDR-siRNA-infected
macrophages demonstrated increased expression of ER stress
signaling proteins (Fig. 6A and supplemental Fig. S8C), as well
as increased CD163 and MR and decreased CCR7 and CD86
membrane expressionwith a resultingMPR�1 comparedwith
macrophageswith intact VDR signaling (Fig. 6B; p� 0.05 for all
receptors). Macrophages lacking VDR signaling had increased
IL-10 and suppressed IL-12 mRNA expression compared with
macrophages with intact VDR signaling (supplemental Fig. S8,
D and E), all indicating an M2 expression pattern. Moreover,
VDR-siRNA-treated macrophages had increased adhesion to
fibronectin (Fig. 6C; p � 0.001) and expression of PSGL-1,

�1-integrin, and �2-integrin compared with control
siRNA-infected cells (Fig. 6, D–F; p � 0.05 for all), suggesting
thatVDR signaling reducesmacrophage ER stress signaling and
shifts the macrophage phenotype toward antiatherogenic
properties.

DISCUSSION

Vitamin D deficiency is associated with T2DM, increased
vascular complications, and increased mortality, but causal
mechanisms for these associations are unknown. The recruit-
ment of circulating monocytes into the vessel wall is critical to
the initiation of diabetes and its complications, a disease state
associated with twice the prevalence of vitamin D deficiency
comparedwith nondiabetics. In this study,we demonstrate that
serum 25(OH)D level is inversely correlated with monocyte
adhesion to endothelial cells in patients with type 2 diabetes.
25(OH)D deficiency (�30 ng/ml) promotes an M2-predom-
inant phenotype with increased expression of monocyte

FIGURE 4. Down-regulation of ER stress by 1,25(OH)2D3 prevents M2 differentiation and macrophage adhesion. A, ER stress protein expression in
monocytes from vitamin D-deficient and vitamin D-sufficient diabetics. B, ER stress protein expression in monocytes from type 2 diabetics differentiated into
macrophages in vitamin D-deficient or 1,25(OH)2D3-supplemented conditions. C–H, monocytes from type 2 diabetics were differentiated into macrophages in
vitamin D-deficient conditions with or without PBA (protein chaperone). C, ER stress protein expression. D, macrophage phenotype ratio (inset; *, p � 0.001
versus non-PBA-treated) and flow cytometry quantification of membrane receptors CCR7 (white), CD86 (light gray), CD163 (dark gray), and MR (black) (n �
9/group; *, p � 0.05 versus same receptor in non-PBA-treated). E, absorbance of macrophages adhered to fibronectin (n � 12/group; *, p � 0.05 versus
non-PBA-treated). F–H, qPCR for mRNA of adhesion molecules PSGL-1 (F), �1-integrin (G), and �2-integrin (H; n � 6/group; *, p � 0.05 for all, versus non-PBA-
treated) relative to L32.
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adhesion molecules PSGL-1, �1-integrin, and �2-integrin.
1,25(OH)2D3 suppression of ER stress decreased monocyte
adhesion to endothelial cells, reduced expression of monocyte
adhesion molecules, and promoted an M1-predominant phe-
notype. In macrophages differentiated under vitamin D-defi-
cient conditions, 1,25(OH)2D3 supplementation reversed the
M2-predominantmacrophage phenotype into anM1-predom-
inant phenotype with lower endothelial adhesion. In addition,
absence of the vitamin D receptor prevented 1,25(OH)2D3 sup-
pression of vascular adhesion and the M1 phenotype. These

findings demonstrate that vitamin D regulation of ER stress is
critical for the innate immune response linked to vascular com-
plications in type 2 diabetic patients.
Although vitamin D is typically recognized for skeletal

effects, immune cells express the VDR and are also able to
transform 25(OH)D into its active form, which functions as an
autocrine/paracrine factor (45). The effects of 25(OH)D status
on circulating monocyte adherence to endothelial cells in
patients with diabetes are unknown. Previous in vitro studies
indicate that active vitamin Dmaintains monocyte adhesion to

FIGURE 5. Induction and suppression of ER stress control regulation of monocyte/macrophage proinflammatory phenotype by vitamin D. A–F,
monocytes from type 2 diabetic patients were differentiated into macrophages in 1,25(OH)2D3-supplemented conditions with or without thapsigargin
(Thapsi., ER stress inducer). A, ER stress protein expression. B, MPR (inset; *, p � 0.001 versus thapsigargin-treated) and flow cytometry quantification of
membrane receptors CCR7 (white), CD86 (light gray), CD163 (dark gray), and MR (black) (n � 9/group; *, p � 0.05 versus same receptor in thapsigargin-treated).
C, absorbance of macrophages adhered to fibronectin (n � 12/group; *, p � 0.005 versus thapsigargin-treated). D–F, qPCR for mRNA of PSGL-1 (D), �1-integrin
(E), and �2-integrin (F; n � 6/group; *, p � 0.05 for all, versus thapsigargin-treated) relative to L32. G, in peripheral blood monocytes from vitamin D-deficient
WT or CHOP�/� mice, MPR (inset; *, p � 0.001 versus WT) and flow cytometry quantification of membrane receptors (n � 6/group; *, p � 0.005 versus same
receptor in WT). H–L, CD11b�/CD115� bone marrow monocytes were harvested from vitamin D-deficient WT or CHOP�/� mice. H, MPR (inset; *, p � 0.001
versus WT) and flow cytometry quantification of membrane receptors (n � 6/group; *, p � 0.005 versus same receptor in WT). I, absorbance of monocytes
adhered to fibronectin (n � 3/group; *, p � 0.05 versus WT). J–L, qPCR for mRNA of adhesion molecules PSGL-1 (J; n � 3/group), �1-integrin (K; n � 3/group),
and �2-integrin (L; n � 4/group; *, p � 0.05 for all, versus WT) relative to L32. Vit. D Suff., vitamin D-sufficient.
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fibronectin in cultured nondiabetic human monocytes and
stimulates adhesion by up-regulating �L-, �M-, �1-, �2-, and
�3-integrins in monocytic cell lines (35, 36, 46). In contrast, we
found that increasing in vivo 25(OH)D status in diabetics sig-
nificantly correlated with decreased monocyte adhesion to
both endothelial cells and fibronectin. Limited causative data
regarding vitamin D deficiency and cardiometabolic outcomes
has led to concern that vitamin D deficiency may be simply a
marker of poor health (47), but we found that 25(OH)D status
was still strongly inversely associated with monocyte adhesion,
even after adjustment formultiple demographic and comorbid-
ity characteristics. We also identified a 25(OH)D level of 30
ng/ml as a natural cutoff delineating high versus low adhesion
for the diabetic patients. Circulating monocytes from vitamin
D-deficient diabetics (25(OH)D level of �30 ng/ml) had

increased expression of cell surface adhesion molecules com-
pared with diabetic patients with 25(OH)D level �30 ng/ml.
Thus, a 25(OH)D level of 30 ng/ml may be optimal to prevent
vascular complications in this population.
Multiple studies in nondiabetics suggest a positive correla-

tion between the proportion of circulating CD14lo/CD16�

monocytes and proinflammatory markers or carotid intima-
media thickness (3, 4, 48), but no significant differences are
found in the mean percentages of CD14lo/CD16� monocytes
between patients with uncomplicated diabetes, diabetics with
cardiovascular disease, and control subjects (5). In this study of
diabetic patients, classification of monocyte subtypes based on
CD14 and CD16 expression did not correlate with 25(OH)D
level or with functional adhesion, suggesting that different
monocytemarkers could better characterize the functions con-

FIGURE 6. Vitamin D receptor signaling is required for effects of vitamin D on monocyte adhesion. Monocytes from type 2 diabetics were differentiated
into macrophages and then infected with either VDR-siRNA or control-siRNA lentivirus in 1,25(OH)2D3-supplemented media. A, ER stress protein expression.
B, macrophage phenotype ratio (inset; *, p � 0.05 versus VDR siRNA) and flow cytometry quantification of membrane receptors CCR7 (white), CD86 (light gray),
CD163 (dark gray), and MR (black) (n � 12/group; *, p � 0.05 versus same receptor in VDR siRNA). C, absorbance of macrophages adhered to fibronectin (n �
9/group; *, p � 0.001 versus VDR siRNA). D–F, qPCR for mRNA of adhesion molecules PSGL-1 (D), �1-integrin (E), and �2-integrin (F; n � 6/group; *, p � 0.05 for
all, versus VDR siRNA) relative to L32.
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tributing to the proinflammatory state in diabetics. A recent
observation in obese patients with T2DM assessed peripheral
monocytes for the macrophage markers that classify M1 and
M2 subtypes and found reduced expression of M2 markers
compared with obese patients without diabetes; this was asso-
ciated with increased arterial stiffness (9). A second similar
study found reduced expression of M2 markers in all obese
patients, regardless of diabetes, compared with lean patients
(8). However, no publications have assessed both M1 and M2
markers and used the combination of the two to produce an
integrative assessment of circulating monocyte phenotype.
Furthermore, the environmental conditions affecting mono-
cyte phenotype and function are unknown. In this study we
found that 25(OH)D plays a key role in monocyte phenotype,
demonstrated by reduction of both M2 and M1 markers with
increased 25(OH)D level, suggesting that vitamin D suppresses
both subsets of monocytes. Interestingly, the greater reduction
in M2 markers with higher 25(OH)D led to an M1 predomi-
nance and higherMPR, but with decreased adhesion and adhe-
sionmarkers. In apolipoprotein E knock-out mice, early plaque
macrophages exhibit a predominantly M2 phenotype, whereas
M1 macrophages are dominant in more advanced lesions of
aged mice (49), suggesting that the increased adhesion of M2
monocytes to the endotheliummay be the origin of early plaque
macrophages. We suggest that adequate vitamin D promotes a
beneficial monocyte phenotype that may prevent the early
stages of vascular inflammation and diabetic complications.
These data begin to shed light on the potential mechanisms
behind the mounting evidence that correlates vitamin D
with the development of diabetes and cardiovascular disease
(30–32).
ER stress plays a key role in the development of diabetes and

vascular complications (25, 43, 50). In mouse models of diet
induced-insulin resistance and atherosclerosis, knock-out of
the ER stress protein CHOP or the addition of chemical chap-
erones to decrease ER stress prevents the development of insu-
lin resistance and atherosclerosis (28, 51). At early stages of
vascular inflammation, up-regulated ER stress markers are
detected in intimal macrophages even before the formation of
atherosclerotic plaques, suggesting that adverse environmental
or pathological conditions that increase circulating monocyte
ER stress may modulate monocyte infiltration (27). In humans
and mice, ER stress is also present in advanced atherosclerotic
plaques and is associated with macrophage apoptosis, plaque
vulnerability, and acute coronary syndrome (29, 42, 52), sug-
gesting that monocyte/macrophage ER stress is a key regulator
in both plaque initiation and progression. We recently demon-
strated that suppression of ER stress shifts M2-differentiated
macrophages to M1-predominant cells with decreased foam
cell formation (15). However, environmental conditions that
control monocyte and macrophage phenotype, behavior, and
vascular adhesion, an early inflammatory step in atherogenesis,
are unknown. We now demonstrate that vitamin D status is a
novel key regulator of the ER stress-induced inflammatory phe-
notype of circulating monocytes and macrophages in patients
with diabetes. In circulating monocytes from vitamin D-defi-
cient subjects, we observed activation of ER stress, increased
adhesion and adhesion molecule expression, and an M2-pre-

dominant phenotype. In this study and our previous studies of
macrophages from diabetic patients, VDR signaling activation
suppressed ER stress, decreased macrophage foam cell forma-
tion by suppressing scavenger receptor CD36 and SR-AI
expression, and promoted differentiation into the M1 pheno-
type (15, 41). Interestingly, other studies indicate that M1
macrophages dominate advanced plaques and are considered
to be proinflammatory, whereasM2macrophages predominate
in early plaques, rapidly accumulate small lipid droplets, and
are anti-inflammatory, suggesting that vitamin D may induce
proinflammatory effects despite suppression of macrophage
cholesterol deposition (6, 14, 53–56). However, recent data in
mice show that bone marrow transplantation of cells with the
absence of the vitamin D receptor increases atherosclerosis,
mediated through local activation of the renin angiotensin sys-
tem in macrophages (57), suggesting that induction of the M1
macrophage phenotype by vitamin D may lead to a net benefi-
cial effect. Additionally, M1 macrophages express membrane
receptors that are associated with plaque macrophage egres-
sion (58–61). The induction of CCR7 expression in macro-
phages by vitamin D could be one of the mechanisms for the
beneficial effects on atherosclerosis. Therefore, the role of
M1/M2 subsets in atherosclerotic progression is likely more
complex than the current inflammatory paradigm suggests and
seems to be dependent upon the stage and environment of
plaque evolution.
Insulin resistance is associated with enhanced monocyte/

macrophage adhesion to the endothelium, as well as reduced
insulin signaling in macrophages (62). Insulin resistance is
known to induce ER stress in monocytes andmacrophages (23,
24). In this study, we found that diabetic patients demonstrated
increased activation of monocyte/macrophage ER stress when
compared with controls, regardless of vitamin D status. Fur-
ther, we found that vitamin D deficiency, through activation of
ER stress, induced monocyte/macrophage adhesion to endo-
thelial cells in diabetics. 1,25(OH)2D3 induces insulin sensitiv-
ity and down-regulates ER stress-JNK activity, but only in
patients with diabetes (41). Therefore, down-regulation of ER
stress might account for the disparity in response to vitamin D
between the type 2 diabetic and control groups.
This study demonstrates vitamin D as a natural monocyte/

macrophage ER stress reliever that promotes an antiathero-
genicmonocyte/macrophage phenotype in patientswith diabe-
tes. Higher serum 25(OH)D level correlated positively with a
monocyte phenotype with higher MPR and antiatherogenic
properties. Moreover, reversibility of the proatherogenic
macrophage phenotype by vitamin D supplementation high-
lights vitamin D sufficiency as a potential therapeutic target to
modulate monocyte/macrophage ER stress, reduce inflamma-
tion, and reduce diabetic complications. Human interventional
trials with vitamin D or ER stress suppressers are needed to
confirm the effects on atherosclerosis.
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