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levated Neuroimmune Biomarkers in Sweat Patches
nd Plasma of Premenopausal Women with Major
epressive Disorder in Remission: The POWER Study

iovanni Cizza, Andrea H. Marques, Farideh Eskandari, Israel C. Christie, Sara Torvik, Marni N. Silverman,
erry M. Phillips, and Esther M. Sternberg, for the POWER Study Group

ackground: Major depressive disorder (MDD) is inconsistently associated with elevations in proinflammatory cytokines and neuropep-
ides. We used a skin sweat patch, recently validated in healthy control subjects, and recycling immunoaffinity chromatography to measure
euroimmune biomarkers in patients with MDD mostly in remission.

ethods: We collected blood at 8:00 AM and applied skin sweat patches for 24 hours in 21- to 45-year-old premenopausal women (n � 19)
ith MDD (17/19 in remission) and age-matched healthy controls (n � 17) participating in the POWER (Premenopausal, Osteopenia/
steoporosis, Women, Alendronate, Depression) Study.

esults: Proinflammatory cytokines, neuropeptide Y, substance P, and calcitonin-gene-related peptide were significantly higher and
asoactive intestinal peptide, a marker of parasympathetic activity, was significantly lower in patients compared to controls, and depressive
ymptomatology strongly correlated with biomarker levels. All analytes were strongly correlated in the skin sweat patch and plasma in
atients (r � .73 to .99; p � .0004).

onclusions: The skin sweat patch allows detection of disrupted patterns of proinflammatory cytokines and neuropeptides in women with
DD in clinical remission, which could predispose to medical consequences such as cardiovascular disease, osteoporosis, and diabetes. This

ethod permits measurement of cytokines in ambulatory settings where blood collection is not feasible.
ey Words: Autonomic nervous system, calcitonin-gene-related pep-
ide, depression, interleukins, neuropeptide Y, pain, substance P, vaso-
ctive intestinal peptide

levated cytokine levels have been reported in subjects
with major depressive disorder (MDD) with inconsistent
results (1,2). Reported alterations in the hypothalamic-

ituitary-adrenal (HPA) axis and autonomic and pain mediators,
ncluding vasoactive intestinal peptide (VIP), neuropeptide Y
NPY), substance P (SP), and calcitonin-gene-related peptide
CGRP) could contribute to this immune dysregulation (3,4).

Elevated cytokines in MDD have been linked to osteoporosis,
iabetes, cardiovascular disease, sleep disturbances, and de-
reased pain threshold (5). We recently reported low bone mass
5), increased levels of prothrombotic factors (6), and various
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pain syndromes (4) in a prospectively assembled cohort of
young premenopausal women with MDD.

The aim of the current study was to evaluate neuroimmune
biomarkers in sweat in women with MDD, mostly in clinical
remission. We measured proinflammatory cytokines (interleu-
kin-1 alpha [IL-1�], interleukin-1 beta [IL-1�], interleukin-6 [IL-6],
tumor necrosis factor-alpha [TNF�], and interleukin-8 [IL-8]), and
NPY, VIP, SP and CGRP in a noninvasive manner using a sweat
patch recently validated in normal control subjects (7). We
collected blood to verify that analyte levels in sweat correlated
with plasma levels. We used recycling immunoaffinity chroma-
tography (RIC), a highly sensitive and specific methodology, to
measure multiple analytes in minute volumes (8,9).

We found that cytokines and neuropeptides quantified in
sweat patches closely correlate with plasma levels. Women with
MDD, mostly in clinical remission, exhibited substantial increases
in proinflammatory cytokines and sympathetic and sensory
neuropeptides. Biomarker levels were strongly correlated with
depressive symptomatology and could account for the increased
comorbidities associated with depression.

Methods and Materials

Participants and Study Design
This was an ancillary study to the POWER (Premenopausal,

Osteopenia/Osteoporosis, Women, Alendronate, Depression),
Study, a prospective study of bone turnover in 21- to 45-year-old
premenopausal women with MDD (5,6). A convenience sample
of 20 consecutive women with MDD and 19 consecutive healthy
control women wore two skin patches for 24 hours. Part of the
data from nine of the healthy control subjects described here was
previously reported (7). Psychiatric evaluation was conducted
using the Structured Clinical Interview for DSM-IV (SCID). Cur-
rent severity of depression and anxiety was evaluated with the
Hamilton Depression Rating Scale (HAM-D) and the Hamilton

Anxiety Rating Scale (HAM-A). Inclusion criteria were previously

BIOL PSYCHIATRY 2008;64:907–911
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escribed (6). This study was approved by the Institutional
eview Board of the National Institute of Mental Health and
egistered under Clinicaltrials.gov, Identifier: NCT00006180.
ritten consent was obtained.

aterials
Sweat patches, manufactured by Pacific Biometrics, Inc. (Ir-

ine, California) and PharmChem Inc. (Fort Worth, Texas) were
reviously validated for measurement of pyridinoline and deoxy-
yridinoline in sweat and urine (10) and sweat cytokines (7).

ssays for Cytokine and Neuropeptide Measures
Interleukin-1�, IL-1�, IL-6, TNF�, IL-8, VIP, NPY, SP, and

GRP were measured in the sweat patch and plasma by RIC
oupled with laser-induced fluorescence detection, as previously
escribed (8,11). Analyses were performed by T.M.P. (National
nstitute of Biomedical Imaging and Bioengineering [NIBIB],
ational Institutes of Health [NIH]) who was blinded to group
llocation. Analyte identity was confirmed by mass spectrometry
nd matrix-assisted laser desorption ionization-time of flight
MALDI-TOF) using recombinant IL-1�, IL-�, IL-6, TNF�, IL-8,
IP, NPY, SP, and CGRP as standards. Previous studies compar-

ng RIC with commercially available enzyme-linked immunosor-
ent assay (ELISA) assays showed r2 � .9151 to .9855 (least
quares linear regression analysis) (8,9,11) with limit of sensitiv-
ty for RIC � 1.6 to 2.8 pg/mL for analytes reported here.
ntra-assay and interassay coefficients of variation � 6.03 � .33
Supplement 1).

ssays for Cortisol and Catecholamines
All analyses were performed at the NIH Clinical Center

epartment of Laboratory Medicine and Mayo Medical Labora-
ory. Serum 8:00 AM cortisol was measured with the DPC
mmulite-2000 chemiluminescent immunoassay (Los Angeles,
alifornia). Urinary epinephrine, norepinephrine (NE), and do-
amine and 24-hour urinary free cortisol (UFC) were performed

able 1. Demographic and Clinical Characteristics of Study Participants

ariable MDD (n � 19)

ge (years) (range) 33.26 � 6.5 (23–44
MI (kg/m2) (range) 27.7 � 6.2 (17–39
aucasian 17/19 (89%)
ears of Education (range) 17 � 1.8 (12–20
arried 7/19 (37%)

urrent Smokers 2/19 (10%)
se of Psychotropic 18/19 (95%)
irth Control 2/19 (10%)
urrent MDD 4/19 (21%)
omorbidity of Psychiatric Diagnosis 11/19 (58%)
amilton Depression Scale 8.9 � 7.4
linical Remissionc 17/19
amilton Anxiety Scale (range) 6.2 � 4.5
AF 59.4 � 8.9

Data reported as mean � SD and ratio/percent ratio.
Table shows demographic and clinical characteristics of study participan

DSM-IV). All medications were recorded. The control group was matched b
eneral health. Data from three subjects were excluded due to 1) a cutane
iagnosis of a chronic pain disorder; and 3) the research chart could not be

BMI, body mass index; GAF, global assessment of functioning; MDD, ma
at test.
bFisher’s test.
cClinical remission is defined here as a Hamilton Depression Scale score
y high-performance liquid chromatography (HPLC).

ww.sobp.org/journal
Data Analysis
Differences between groups were tested using independent

sample t test or Mann-Whitney U test for continuous variables
and Fisher exact test for categorical variables. Spearman corre-
lations were used to describe the bivariate relationships between
sweat and plasma levels of cytokines and neuropeptides, as well
as between HAM-D and HAM-A scores and biomarker levels.
Hierarchical multiple regression analyses was performed. Differ-
ences between groups in sweat and plasma analytes were
confirmed by testing the percent variance gained by adding a
dummy coded group predictor, after controlling for body mass
index (BMI) and age (analysis of covariance [ANCOVA]).

Results

Women in the MDD group had similar demographic charac-
teristics and a slightly higher BMI compared with healthy control
subjects (Table 1). Seventeen out of 19 patients were mildly
depressed at the time of sampling, as indicated by HAM-D scores
below 20. One patient had a HAM-D score of 22, and one had a
score of 30. As depicted in Table 2, IL-1�, IL-1�, IL-6, TNF�, IL-8,
NPY, SP, and CGRP were significantly higher and VIP was
significantly lower by several fold in the MDD group compared
with healthy control subjects in both sweat patch eluates and
plasma (p � .0001).

In the MDD group, all biomarkers showed strong and signif-
icant correlations between sweat patch and plasma levels (Table
3; r � .73 to .99; p � .001). In the control group, these
correlations were more variable and less robust partly because of
lower values. Interleukin-1�, IL-1�, TNF�, and IL-8 strongly
correlated in plasma and sweat patch eluates but there was little
or variable correlation for IL-6, VIP, NPY, SP, and CGRP in
control subjects (Table 3). These correlations remained after
controlling for age and BMI (Table 4). Bivariate analysis showed
a strong correlation between biomarker levels and symptom
severity for both depression and anxiety, as measured by HAM-D
and HAM-A scales, which were remarkably consistent between

Healthy Control Subjects (n � 17) p

33.2 � 6.9 (23–44) .99a

24.0 � 3.4 (20–33) .03a

15/17 (88%) 1.0b

16.5 � 1.8 (12–20) .38a

10/17 (59%) .3b

2/17 (12%) 1.0b

0/17 NA
5/17 (29%) .2b

0/17 NA
3/17 (18%) .02b

1.6 � 2.2 �.0001a

NA
1.4 � 1.8 .0003a

79.9 � 3.2 �.0001a

clusion criteria required at least one episode of MDD within the last 3 years
(3 years) and BMI (two units). All patients and control subjects were in good
action in the area where the sweat patches were applied; 2) a subsequent

ed.
pressive disorder; NA, not applicable.

20, which usually defines mild depression.
)
)

)

ts. In
y age
ous re
locat
jor de
plasma and sweat, even after controlling for age and BMI (Table 5).
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There were no differences in 8:00 AM serum cortisol, UFC, and
rinary NE, epinephrine, and dopamine (data not shown) be-
ween clinical groups.

able 2. Concentrations of Plasma and Sweat Patch Cytokines and
europeptides in Patients with MDD and in Healthy Control Subjects

nalytes

Plasma Sweat

MDD
Healthy Control

Subjects MDD
Healthy Control

Subjects

L-1� 52.6 5.9 57.5 7.6
30.5–85.9 2.5–9.8 39.8–85.2 3.7–13.6

L-1� 139.9 10.5 160.5 10.9
33.2–305.9 4.9–16.4 50.5–292.7 6.9–18.4

L-6 101.8 7.8 133.8 10.4
66.7–223.7 5.1–13.5 66.3–246.5 6.9–15.5

NF� 158.8 11.1 177.9 12.8
55.5–320.8 5.9–16.5 66.5–361.3 9.3–21.1

L-8 50.7 2.7 63.2 2.9
10.5–160.4 .6–5.5 16.5–153.8 1.5–6.1

IP 5.3 17.2 6.2 22.5
1.7–22.7 9.5–32.6 2.9–28.4 20.5–36.1

PY 46.7 1.1 50.8 1.9
5.4–69.8 .6–2.6 14.2–73.2 .8–2.9

P 77.2 3.3 88.6 3.8
24.1–163.5 1.3–6.8 66.2–180.7 1.6–7.2v

GRP 55.6 1.65 60.5 2.1
13.5–101.8 .7–4.6 18.9–125.2 1.1–3.8

Table shows concentrations of plasma and sweat patch cytokines (pg/
L) and neuropeptides in patients with MDD and in healthy control sub-

ects. Data are reported as median and range, MDD versus healthy control
ubject differences in plasma (Mann-Whitney U tests, ps � .0001) and in
weat (ps � .0001) for all analytes. As vacuum extraction was used to recover
nalytes from the patch, standardization of sweat volume was performed by
easuring total protein rather than using sodium and potassium as internal

eferences as previously described (20). For 11 subjects, levels of IL-1� were
elow the assay cutoff limit of .5 pg/mL. As a result, data from these subjects
ere omitted from the analysis and degrees of freedom were corrected to

ccount for the lower sample size.
CGRP, calcitonin-gene-related peptide; IL-6, interleukin-6; IL-8, interleu-

in-8; IL-1�, interleukin-1 alpha; IL-1�, interleukin-1 beta; MDD, major de-
ressive disorder; NPY, neuropeptide Y; SP, substance P; TNF�, tumor necro-
is factor-alpha; VIP, vasoactive intestinal peptide.

able 3. Plasma–Sweat Patch Correlations of Cytokines and
europeptides in Patients with MDD and in Healthy Control Subjects

nalytes (pg/mL)

MDD
Healthy Control

Subjects

r p r p

L-1� .94 .0001 .78 .02
L-1� .97 .0001 .65 .005
L-6 .92 .0001 .36 .15
NF� .95 .0001 .67 .003

L-8 .99 .0001 .63 .006
IP .76 .0002 �.006 .98
PY .92 .0001 .22 .4
P .83 .0001 .43 .08
GRP .73 .0004 .36 .2

CGRP, calcitonin-gene-related peptide; IL-6, interleukin-6; IL-8, interleu-
in-8; IL-1�, interleukin-1 alpha; IL-1�, interleukin-1 beta; MDD, major de-
ressive disorder; NPY, neuropeptide Y; SP, substance P; TNF�, tumor necro-

is factor-alpha; VIP, vasoactive intestinal peptide.
Discussion

Premenopausal women with MDD, mostly in remission,
exhibited several fold elevations of proinflammatory cytokines
and sympathetic (NPY) and sensory (SP and CGRP) neuropep-
tides and diminished parasympathetic-associated neuropeptide,

Table 4. Summary of Hierarchical Regression Analysis Relating Age and
BMI to Plasma and Sweat Levels of Cytokines and Neuropeptides

Analytes

Plasma Sweat

B �R2 p B �R2 P

IL-1� 2.26 .54 �.0001 2.00 .50 �.0001
IL-1� 2.46 .66 �.0001 2.51 .70 �.0001
IL-6 2.70 .80 �.0001 2.48 .77 �.0001
TNF� 2.56 .74 �.0001 2.47 .73 �.0001
IL-8 3.02 .67 �.0001 2.87 .72 �.0001
VIP �.96 .35 �.0001 �1.33 .54 �.0001
NPY 3.07 .67 �.0001 3.00 .74 �.0001
SP 3.10 .73 �.0001 3.20 .78 �.0001
CGRP 3.14 .77 �.0001 3.33 .79 �.0001

Table shows hierarchical regression analysis relating age and BMI to
plasma and sweat levels of cytokines and neuropeptides. Both plasma and
sweat values were natural log-transformed prior to estimation to normalize
the distribution and to correct heteroscedasticity. Analyses were performed
using Prism version 3:0 for Windows (GraphPad Software, San Diego, Cali-
fornia) and the R statistical computing environment (version 2.3.1; R Devel-
opment Core Team, R Foundation for Statistical Computing, Vienna, Aus-
tria). An � of .05 was used in all significance tests.

BMI, body mass index; CGRP, calcitonin-gene-related peptide; IL-6, inter-
leukin-6; IL-8, interleukin-8; IL-1�, interleukin-1 alpha; IL-1�, interleukin-1
beta; NPY, neuropeptide Y; SP, substance P; TNF�, tumor necrosis factor-
alpha; VIP, vasoactive intestinal peptide.

Table 5. Bivariate Correlation Between Scores in Hamilton Depression
Scale (HAM-D) and Hamilton Anxiety Scale (HAM-A) and Levels of Sweat
and Plasma Cytokines and Neuropeptides in Patients with MDD and
Healthy Control Subjects

Analytes (pg/mL)

HAM-D HAM-A

Sweat Plasma Sweat Plasma

IL-1� r � .61 r � .61 r � .57 r � .56
p � .0001 p � .0001 p � .0003 p � .0004

IL-1� r � .69 r � .65 r � .55 r � .52
p � .0001 p � .0001 p � .0004 p � .0012

IL6 r � .67 r � .63 r � .52 r � .49
p � .0001 p � .0001 p � .001 p � .002

TNF-� r � .72 r � .74 r � .56 r � .6
p � .0001 p � .0001 p � .0004 p � .0001

IL-8 r � .61 r � .48 r � .50 r � .41
p � .0001 p � .003 p � .002 p � .014

VIP r � �.51 r � �.6 r � �.55 r � �.58
p � .0014 p � .0001 p � .0005 p � .0002

NPY r � .58 r � .59 r � .59 r � .67
p � .0002 p � .0002 p � .0001 p � .0001

SP r � .66 r � .73 r � .64 r � .76
p � .0001 p � .0001 p � .0001 p � .0001

CGRP r � .68 r � .73 r � .60 r � .69
p � .0001 p � .0001 p � .0001 p � .0001

Spearman correlation.
CGRP, calcitonin-gene-rela ted peptide; HAM-A, Hamilton Anxiety Scale;

HAM-D, Hamilton Depression Scale; IL-6, interleukin-6; IL-8, interleukin-8;
IL-1�, interleukin-1 alpha; IL-1�, interleukin-1 beta; MDD, major depressive
disorder; NPY, neuropeptide Y; SP, substance P; TNF�, tumor necrosis factor-

alpha; VIP, vasoactive intestinal peptide.

www.sobp.org/journal
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IP, in sweat. These levels strongly correlated with depressive
nd anxiety symptomatology, even after controlling for BMI,
uggesting that symptom severity rather than disease classifica-
ion per se may be related to biomarker expression. The skin
atch coupled with RIC, a highly sensitive analytical method for
ultiple biomarker measurement, previously validated in
ealthy control subjects (7) allowed identification of a specific
attern of neuroimmune dysregulation not previously detected

n mildly depressed women. Analytes in the sweat patch strongly
orrelated with plasma levels, supporting this approach as a valid
ethod for biomarker measurement. This methodology avoids

onfounds to biomarker measurements associated with previous
ethods of sweat collection (exercise [12], sauna heat [13], and
lood drawing [2]). Our findings of elevated proinflammatory
ytokines are consistent with previous reports in patients with
DD (14), although conflicting results have been described (2).
n elevation in proinflammatory cytokines of this magnitude
ubstantially increases medical morbidity including osteoporosis,
ardiovascular disease, and metabolic disorders (15). Cytokines
lso regulate neurotransmitters, hormones, and neuropeptides
16) and modulate many behaviors, including mood and pain,
hich are altered in patients with depression (1).
The lower VIP levels are consistent with reduced parasympa-

hetic tone that has been reported in depression and with the
ffectiveness of parasympathetic vagal stimulation in treatment
f refractory depression (17).

The elevated sympathetic and sensory-associated neuropep-
ides in both sweat patch eluates and plasma in subjects with
ild MDD are consistent with their role in depression, although

ower cerebrospinal fluid (CSF) NPY has been reported in
irst-episode depressed patients (18). Since most patients were
harmacologically treated and antidepressants upregulate cen-
ral NPY synthesis, increased NPY in these subjects could be
elated to use of these medications.

This pattern of higher levels of proinflammatory cytokines,
ower VIP (parasympathetic activity), and higher NPY (sympa-
hetic activity) in patients with MDD in remission could be
ssociated with increased cardiovascular risk in these patients.

The elevated levels of SP and CGRP are consistent with
revious reports of the role of these peptides in pain perception
nd of painful somatic symptoms correlating with depression
everity in up to two thirds of patients with MDD (4).

The normal plasma and urinary cortisol and urinary catechol-
mine levels observed here have been reported elsewhere (5) in
DD and are consistent with these patients being mostly in a

tate of remission.
The limitations of the current study include small sample size

nd treatment with antidepressants, which can in some cases
odulate the inflammatory response (19). Some studies indicate

hat antidepressants inhibit proinflammatory and stimulate anti-
nflammatory cytokine production, although others show varying
ffects (19). Although we found significant biomarker alterations
n this small sample, larger studies in patients on and off
edication are needed to confirm and extend these results.
In summary, we found, using a skin sweat patch combined

ith RIC, that women with mild MDD, treated and in remission,
how patterns of elevated proinflammatory cytokines and altered
europeptides that could predispose not only to osteoporosis, as
e recently reported in this cohort (5), but also to cardiovascular
iseases, diabetes, and other medical consequences. Further-
ore, levels of biomarkers correlate strongly with symptoms of

epression and anxiety. This noninvasive method can be used to

ww.sobp.org/journal
measure a variety of biomarkers simultaneously and is a valid
alternative when blood collection is unfeasible.
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