
Suppressed cytokine production in whole blood cultures may be
related to iron status and hepcidin and is partially corrected
following weight reduction in morbidly obese pre-menopausal
women

Lisa Tussing-Humphreys, PhD,
United States Department of Agriculture- Agricultural Research Service, Southern Regional
Research Center, 282 Knapp Hall, Highland Road, Baton Rouge, LA 70803, USA

Maria Pini, MS,
Department of Kinesiology and Nutrition, College of Applied Health Sciences, University of Illinois
at Chicago, 1919 W. Taylor St. Room 650 (M/C 517), Chicago, IL 60612, USA

Venkatesh Ponemone, PhD,
Department of Kinesiology and Nutrition, College of Applied Health Sciences, University of Illinois
at Chicago, 1919 W. Taylor St. Room 650 (M/C 517), Chicago, IL 60612, USA

Carol Braunschweig, PhD, and
Department of Kinesiology and Nutrition, College of Applied Health Sciences, University of Illinois
at Chicago, 1919 W. Taylor St. Room 650 (M/C 517), Chicago, IL 60612, USA

Giamila Fantuzzi, PhD
Department of Kinesiology and Nutrition, College of Applied Health Sciences, University of Illinois
at Chicago, 1919 W. Taylor St. Room 650 (M/C 517), Chicago, IL 60612, USA

Abstract
Objective—Assess ex vivo whole-blood (WB) cytokine production and its association with iron
status and serum hepcidin in obese versus non-obese women. Determine the change in ex vivo WB
cytokine production six months after restrictive bariatric surgery in the obese group. Subjects: 17
obese (BMI: 46.6 ±7.9 kg/m2) and 19 non-obese (BMI: 22.5 ± 3.0 kg/m2), pre-menopausal
women; frequency matched for hemoglobin, age and race.

Measurements—At baseline control and ex vivo stimulated IL-6, IL-10, IL-22, IFNγ, and TNFα
from heparinized WB cultures, hemoglobin from finger-stick and transferrin receptor, hepcidin,
CRP, IL-6, HOMA-IR from fasted serum samples and anthropometric parameters were assessed
in the women. All parameters were reassessed six-months following restrictive bariatric surgery in
the obese women only.

Results—Whole blood ex vivo LPS and ZY stimulated production of IL-6, TNFα and IFNγ was
reduced, IL-22 increased, and IL-10 was unaffected in obese compared with the non-obese
women. Furthermore, ex vivo stimulated production of IL-6 and TNFα normalized, but IFNγ
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production remained unchanged with weight loss following restrictive bariatric surgery. In the
obese women, serum transferrin receptor (a marker of iron status) and serum hepcidin were
correlated with ex vivo stimulated IFNγ production at baseline.

Conclusion—Ex vivo LPS and ZY stimulated cytokine production from WB cultures was
altered in pre-menopausal women with morbid obesity. Significant weight loss resulted in
normalization of some but not all observed alterations. Furthermore, iron status and serum
hepcidin were associated with ex vivo LPS and ZY stimulated IFNγ in obesity.

Keywords
Obesity; ex vivo LPS and ZY stimulated cytokine production; immunity; hepcidin; iron status;
weight loss

1.0 Introduction
Obesity is accompanied by a state of chronic low-grade inflammation stemming from the
expanded adipose tissue mass, which is infiltrated by activated leukocytes that produce
cytokines and other inflammatory mediators (1). In particular, elevated systemic levels of
the cytokine IL-6 and the acute-phase protein C reactive protein (CRP) are present in obese
subjects (2). Although the effect of obesity on immune responses has yet to be fully
characterized, available data indicate impaired function of Natural Killer (NK) cells and
macrophages in obese humans and mice (3,4) as well as potential deleterious effects of
obesity on T lymphocyte maturation (5). Other reports show that obesity biases lymphocytes
toward a pro-inflammatory T helper (Th) 17 phenotype in mice as well as the presence of
hyper-responsive neutrophils (6–8). Thus, the presence of chronic inflammation in adipose
tissue of obese individuals may be associated with both impaired systemic immune
responses and a hyper-activated inflammatory state.

Iron is a critical element in regulation of the immune response and is integral to the
proliferation of T, B, and NK cells (9,10). Th1-mediated immune function is thought to be
more sensitive to iron homeostasis in vivo compared to the Th2 subset (11). Specifically,
iron has a direct inhibitory effect on production and activity of IFNγ, including induction of
nitric oxide, an important mediator used by macrophages in fighting pathogens (11,12). Iron
depletion has been associated with both immune enhancement, when coupled with malaria
in non-obese children (13–16), and immune impairment in non-inflamed normal-weight
populations (17,18). Our group and others have reported that obesity in pre-menopausal
women is associated with both iron depletion and increased inflammation (19–21). Any
benefit or disadvantage of iron depletion on immune function in obese populations is likely
limited.

Hepcidin is an anti-microbial peptide involved in innate immunity and is the body’s main
regulator of systemic iron homeostasis (22,23). Increased expression of hepcidin occurs with
inflammation and elevated iron stores, whereas hepcidin expression decreases with hypoxia
and erythropoiesis. Recently we demonstrated that obese women have elevated serum
hepcidin levels, despite iron depletion, compared to non-obese women with similar
hemoglobin (Hb) concentrations, suggesting that hepcidin production in obesity is regulated
by the presence of chronic low-grade inflammation rather than by low iron status (21,24).
The relationship between iron status, serum hepcidin and immunity in obese populations has
yet to be established.

The primary aim of this study was to assess differences in ex vivo whole-blood (WB)
cytokine production in obese versus non-obese women and change six-months following
restrictive bariatric surgery in the obese group. Whole-blood was stimulated with agonists of
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toll-like receptor (TLR)-4 (LPS) and TLR-2 (Zymosan) that have been implicated in adipose
tissue inflammation in obesity (25). The cytokines IL-6, IL-10, IL-22, IFNγ and TNFα were
selected for measurement based on their association with obesity and/or iron status (11,26–
29). Secondly, we explored relationships between iron status, serum hepcidin, and
anthropometrics measures with ex vivo WB cytokine production in the obese and non-obese
women at baseline and in the obese women post-surgery. We hypothesized that: 1) obese
women would have higher ex-vivo cytokine production compared to non-obese women, 2)
weight loss would result in reduced ex- vivo cytokine production in the obese women, and 3)
iron sufficiency in the obese women would be associated with increased ex-vivo cytokine
production.

Methods
2.1 Subjects

Participants in this study were a sub-sample of a larger study of obese and non-obese pre-
menopausal women in which the relationship between obesity, iron status, hepcidin and
inflammation was investigated before and in the obese six-months following restrictive
bariatric surgery. For this ancillary study, participants included obese women evaluated at
baseline and at six months post-restrictive gastric surgery (n=17) and non-obese women
(n=19) frequency matched for race/ethnicity, age, and Hb levels that consented to providing
an additional vial of blood for analysis of WB cytokine production. Detailed methods,
procedures and findings from the parent study have been described elsewhere (21,24).
Briefly, obese women [body mass index (BMI) > 37.0 kg/m2] electing to undergo a
restrictive bariatric procedure (gastric banding or sleeve gastrectomy) were recruited from
the University of Illinois at Chicago bariatric surgery clinics between December 2007 and
July 2008. As a comparison group, non-obese women (BMI < 27.0 kg/m2, waist
circumference < 88.0 cm), free of inflammation, and matched to the obese for Hb, were
recruited. A total of 45 non-obese women were screened in order to frequency match to the
obese woman for Hb, age, and race/ethnicity. Restricting the comparison group to non-obese
women with similar Hb allowed us to determine if hepcidin in obese individuals was
responding appropriately to their sub-optimal iron status or if inflammation was counter-
regulating this response; additional detail regarding the reasoning behind frequency
matching on Hb is available in Tussing-Humphreys et al., 2010 (21). Women were excluded
if they reported significant medical conditions that could influence iron or inflammatory
status. Dietary iron supplements, vitamins containing iron or non-steroidal anti-
inflammatory drugs (NSAIDS) were not consumed 48 hours prior to each research
appointment to eliminate the potential acute effects on inflammation or hepcidin production.
Subjects that reported a cold, flu or urinary tract infection within the preceding two weeks
were rescheduled for a later date. Obese subjects were asked to report for their baseline visit
prior to starting a mandatory 10–21 day pre-surgery liquid fast. The research protocol was
approved by the University of Illinois at Chicago Institutional Review Board and
participants provided written consent prior to study entry.

At baseline and six months post-surgery (obese only), subjects reported after at least an 8
hour fast for a detailed history and clinical examination. Subjects were weighed using a
digital scale to the nearest 0.1 kg (Tanita BWB-800AS; Tanita, Arlington Heights, IL),
height was measured to the nearest 0.1 cm using a stadiometer and weight circumference
was assessed to the nearest 0.1 cm using a flexible tape measure. Demographic, social,
reproductive, and health history data were collected via self-report. Usual dietary intake was
assessed using a food frequency questionnaire (30) and physical activity was reported using
the Kaiser Physical Activity Survey (31). Heparinized WB was obtained and used for
evaluation of cytokine production as detailed below.
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2.2 Whole-blood Cultures
One milliliter of heparinized WB was diluted with one milliliter of RPMI containing
penicillin/streptomycin in the absence or presence of either lipopolysaccharide (LPS,
O55:B5 from E. coli, Sigma, St. Louis, MO) at 10 ng/ml or zymosan (ZY) (Sigma-Aldrich
Co., St. Louis, MO) at 10 µg/ml. Samples were incubated for 48 h at 37°C in a humidified
atmosphere with 5% CO2. The length of incubation was chosen based on previously
published experiments (32) and on pilot studies indicating that it is an optimal time point for
evaluation of both early, i.e., TNFα and late, i.e., IFNγ. The supernatant was collected and
stored at −70°C.

2.3 Cytokine measurement
Levels of IFNγ, TNFα and IL-6 were measured using ELISA kits from R&D Systems
(Minneapolis, MN). Levels of IL-10 and IL-22 were measured using ELISA kits from
eBioscience (San Diego, CA).

2.4 Additional Biochemical Indices
All biochemical assays were performed on fasted blood samples. Hemoglobin was assessed
via finger-stick puncture using a hemoglobinometer (STAT-site Mβ-Hb; Stanbio
Laboratories, Boerne, TX). High sensitivity C-reactive protein (CRP), glucose and insulin
were performed by Specialty Laboratories (Valencia, CA). The analysis of CRP was by
immuno-turbidity (reference interval < 1.0 mg/L), insulin by chemiluminescence (reference
range: 3.0–28.0 mU/L), and glucose by hexokinase endpoint spectrophotometry (reference
range: 74–106 mg/dL). Insulin resistance was determined by the homeostasis model
assessment (HOMA-IR) according to the following formula: [(glucose (mg/dL)/18) X
insulin (mU/liter)] /22.5. Serum transferrin receptor (sTfR) was measured by ELISA (R&D
Systems). Serum hepcidin was assessed using a competitive ELISA (Intrinsic Life Sciences,
La Jolla, CA). Detailed methods and performance of this assay were recently published (33).

2.5 Statistical Analysis
Anthropometric, biochemical, and WB stimulated cytokines are presented as means ± SD.
Crude comparisons of WB cytokine stimulations, anthropometrics and biochemical
variables at baseline of the obese and non-obese women were assessed using Student’s t-test
or Wilcoxon rank sum test. In the obese women, WB cytokine stimulations,
anthropometrics, and biochemical differences between baseline and six months post-surgery
were assessed using paired t-tests or Wilcoxon signed-rank test. To control for multiple
comparisons between groups, the statistical significance level was set at α=0.025 for these
analyses. Additionally, Pearson’s and Spearman’s bivariate analyses and regression analysis
were utilized to test for associations between anthropometric and biochemical measures with
LPS and ZY-stimulated WB cytokine production at baseline in both groups. Finally,
correlation analysis was performed to assess for relationships between the anthropometric
and biochemical measures with LPS and ZY-stimulated WB cytokine production post-
surgery and changes in these parameters from baseline in the obese women only. All
analyses were performed using SAS (version 9.2, 2002–2008, SAS Institute Inc, Cary, NC).

3.0 Results
3.1 Clinical Characteristics

The baseline and six-month post-surgery clinical characteristics are presented in Table 1. By
design, obese and non-obese women had similar Hb and were dissimilar anthropometrically.
Both groups of women were comparable for race/ethnicity and age (data not shown). Obese
women had significantly higher hs-CRP and HOMA-IR compared to the non-obese women.
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Despite frequency matching on Hb, obese women had slightly higher sTfR and significantly
elevated serum hepcidin compared to the non-obese women. Interleukin-6 was not
statistically different between the groups but trended higher in the obese women (p=0.07).
Six months post-surgery, anthropometric measures, CRP, IL-6, HOMA-IR, sTfR, and serum
hepcidin were significantly lower and Hb significantly increased in the obese women.

3.2 Whole-Blood cytokine production
At baseline, IFNγ levels were significantly lower in WB control cultures from obese women,
whereas production of IL-6, IL-10, IL-22 and TNFα in control cultures was comparable
between obese and non-obese women (Table 1). Stimulation with LPS and ZY induced
significantly lower levels of IL-6, TNF-α and IFNγ in WB cultures from obese compared to
the non-obese women. Conversely, LPS and ZY-stimulated IL-22 levels were significantly
higher in the obese compared to the non-obese group; IL-10 levels were comparable
between the groups under each culture condition.

LPS and ZY stimulated IL-6 and TNFα significantly increased six months post-restrictive
gatric surgery compared to baseline in the obese women (Table 1) and differences between
non-obese and obese women for these two cytokines became insignificant (data not shown).
Minimal improvement in unstimulated, LPS- and ZY-stimulated IFNγ production was
observed post-surgery; IFNγ levels remained significantly lower than those reported in the
non-obese women. No significant changes in stimulated IL-10 or IL-22 production were
noted post-surgery.

3.3 Correlations and linear modeling of WB stimulated cytokines with anthropometric and
biochemical variables at baseline

LPS- and ZY-stimulated IFNγ was inversely correlated with hepcidin while ZY-stimulated
IFNγ only was positively correlated with sTfR in the obese women (Table 2). Moreover, in
multivariable linear modeling, the most parsimonious model predicting log LPS-stimulated
IFNγ included only serum hepcidin (β=−6.19; SE=2.02; p=0.008) (data not shown). The
most parsimonious model predicting log ZY- stimulated IFNγ included both serum hepcidin
(β= −0.01; SE=0.002; p=0.006) and log sTfR (β=−0.07; SE=0.03; p=0.05). No significant
relationships between LPS- or ZY-stimulated IFNγ with anthropometric or biochemical
variables were identified in the non-obese women. Furthermore, no significant relationships
between LPS- or ZY-stimulated TNFα, IL-6, IL-10, or IL-22 with anthropometric or
biochemical variables were identified at baseline in either the obese or non-obese women
(data not shown).

3.4 Post-surgery Correlations of WB stimulated cytokines with anthropometric and
biochemical variables, Obese only

The strong correlations identified at baseline between LPS- and ZY-stimulated IFNγ with
serum hepcidin and sTfR weakened but strengthened with Hb and waist circumference six
months post-surgery (Table 3). The relationship between six month values for LPS-
stimulated TNF-α and serum IL-6 also strengthened post-surgery. Additionally, we assessed
the relationship between six month change (Post-surgery – Baseline = Δ) in WB stimulated
cytokines with six-month change in anthropometric and biochemical variables (results not
shown). Change in body mass was significantly correlated with change in ZY stimulated
IL-6 (r=−0.53; p=0.02). Surprisingly, no other biochemical or anthropometric measures
were found to be significantly correlated with six-month change in ex vivo WB cytokine
production in bivariate analysis. However, change in body mass was marginally correlated
with change in sTfR (r=0.50; p=0.05) and change in serum hepcidin was associated with
change in serum IL-6 (r=0.50; p=0.04), respectively.
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4.0 Discussion
In the present report we demonstrated that ex vivo LPS and ZY stimulated production of
IL-6, TNFα and IFNγ were significantly reduced and IL-22 increased whereas IL-10
unaffected in obese compared with non-obese women. Furthermore, ex vivo LPS and ZY
stimulated production of IL-6 and TNFα normalized, while IFNγ production remained
relatively unchanged with weight loss six month post-restrictive bariatric surgery. Finally,
our data indicated that iron status and serum hepcidin were associated with ex vivo LPS and
ZY stimulated IFNγ production in obesity.

Although our study did not address the mechanisms of altered ex vivo WB cytokine
production in obesity, this effect is unlikely to be secondary to a generalized hypo-
responsiveness of immune cells of obese women to microbial stimuli, even though obesity
has been associated with increased risk of infection in both experimental animals and
humans (34,35). In fact, whereas production of some cytokines (IL-6, TNFα, and IFNγ) was
significantly reduced in WB cultures of obese women, production of IL-10 was unchanged
and levels of IL-22 were higher than those in non-obese women. Furthermore, weight loss
was associated with normalized production of some cytokines but not others. These data
suggest that the link between obesity and cytokine production may be specific for each
mediator.

Altered ex vivo cytokine production in obesity has been reported by several studies under
various culture conditions and types of stimulation, though there is heterogeneity in the
mediators affected and the directionality of the change (36–40). Our data indicate that ex
vivo production of IL-6 and TNFα in response to microbial stimulation is suppressed in
obese women. Further, weight loss with the associated reduction in systemic inflammation
and amelioration of iron status appears sufficient to normalize production of these two
mediators.

We recently reported increased levels of IL-22 in obese mice with acute pancreatitis (29),
however, the effect of obesity on IL-22 in humans was not known. Our findings indicate that
obese women produce significantly higher levels of IL-22 in response to LPS and ZY
compared with non-obese women and that weight loss does not significantly alter ex vivo
IL-22 production. However, at variance with IL-6, TNFα and IFNγ, no significant
correlations were observed between anthropometric and clinical variables and IL-22
production. The mechanisms of regulation of IL-22 production, particularly in the context of
inflammation and innate immunity, and the complex role played by this cytokine in various
pathophysiological conditions are an area of active investigation (41). Our data indicate that
IL-22 production is dysregulated in obesity, a finding that warrants further investigation.

The most consistent relationship between levels of adiposity and ex vivo cytokine production
has been reported for IFNγ, which is significantly reduced in obesity (36–38) and increased
in subjects with anorexia nervosa (42). The exact mechanism of reduced IFNγ production in
obesity has not been clarified, but studies indicate the likelihood of a primary hypo-
responsiveness of IFNγ-producing cells when stimulated directly with mitogens (37,38) or
IL-18 (36). Our data suggest that iron depletion, as measured by sTfR, may be associated
with ex vivo ZY stimulated IFNγ production in obesity. In a group of non-obese children,
iron deficiency was associated with decreased infection and increased formation of IFNγ
compared to children with normal iron status (13). Additionally, iron chelation therapy in
children with malaria resulted in higher levels of Th1 cytokines and nitric oxide in vivo
compared to children not receiving chelation therapy (14–16). Together these findings
suggest, iron deficiency may strengthen T-cell-mediated immune function through increased
Th1 cytokine formation, including IFNγ, in an inflamed milieu such as that observed in
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obesity (11). Interestingly, following substantial weight loss, decreased inflammation, and
improved iron status, ex vivo basal and stimulated IFNγ from WB cultures was not
significantly improved in the obese women. This suggests that the persistent inflammation
and obesity in these individuals, coupled with improved iron status, may be sufficient to
perpetuate reduced IFNγ expression, although, additional studies are necessary to confirm
this hypothesis.

Serum hepcidin was negatively correlated with ex vivo LPS and ZY simulated IFNγ
production at baseline in the obese women while significant weakening of this relationship
was observed following weight reduction. A recent study conducted in mice suggests that
hepcidin may play a key role in modulating the acute phase response through upregulation
of SOCS3 (43). Pre-treatment of cultured macrophages with hepcidin resulted in increased
SOCS3 production and reduced expression of both IL-6 and TNFα following LPS injection;
IFNγ response was not assessed. Also, mice injected with hepcidin were able to suppress
acute inflammation following a dose of LPS. Despite these findings we did not see a
relationship between serum hepcidin and LPS or ZY stimulated IL-6 or TNFα in the obese
women. Collectively these findings suggest that further exploration and understanding of the
interaction between obesity, iron status, hepcidin, and immunological function, particularly
IFNγ, is warranted.

Our study had several limitations. First, the sample size was relatively small and consisted
of only morbidly obese premenopausal women, which limited the generalizability of our
findings. Future studies with larger more diverse populations are needed. In addition, the
mechanisms linking altered ex vivo cytokine production with obesity, hepcidin, and iron
status were not investigated, the range of microbial stimuli evaluated was limited to LPS and
ZY and the technique used (WB cultures) did not allow us to discriminate which cell
populations were responsible for production of each cytokine.

In conclusion, ex vivo LPS and ZY stimulated cytokine production from WB cultures was
altered in premenopausal women with morbid obesity. Significant weight loss resulted in the
normalization of some but not all observed alterations. Furthermore, iron status and serum
hepcidin were associated with ex vivo LPS and ZY stimulated IFNγ in obesity. These
findings warrant additional studies aimed at investigating the mechanisms of the association
between obesity, iron status, hepcidin and cytokine production as well as the potential
clinical implications of these findings in terms of susceptibility to infection and autoimmune
diseases as well as response to vaccination.

References
1. Karalis KP, Giannogonas P, Kodela E, Koutmani Y, Zoumakis M, Teli T. Mechanisms of obesity

and related pathology: linking immune responses to metabolic stress. FEBS J 2009;276:5747–5754.
[PubMed: 19754872]

2. Goldberg RB. Cytokine and cytokine-like inflammation markers, endothelial dysfunction, and
imbalanced coagulation in development of diabetes and its complications. J Clin Endocrinol Metab
2009;94:3171–3182. [PubMed: 19509100]

3. O'Shea D, Cawood TJ, O'Farrelly C, Lynch L. Natural killer cells in obesity: impaired function and
increased susceptibility to the effects of cigarette smoke. PLoS One 5:e8660. [PubMed: 20107494]

4. Zhou Q, Leeman SE, Amar S. Signaling mechanisms involved in altered function of macrophages
from diet-induced obese mice affect immune responses. Proc Natl Acad Sci U S A
2009;106:10740–10745. [PubMed: 19541650]

5. Yang H, Youm YH, Vandanmagsar B, Rood J, Kumar KG, Butler AA, et al. Obesity accelerates
thymic aging. Blood 2009;114:3803–3812. [PubMed: 19721009]

6. Pini M, Fantuzzi G. Enhanced production of IL-17A during zymosan-induced peritonitis in obese
mice. J Leukoc Biol 87:51–58. [PubMed: 19745158]

Tussing-Humphreys et al. Page 7

Cytokine. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



7. Nijhuis J, Rensen SS, Slaats Y, van Dielen FM, Buurman WA, Greve JW. Neutrophil activation in
morbid obesity, chronic activation of acute inflammation. Obesity (Silver Spring) 2009;17:2014–
2018. [PubMed: 19390527]

8. Winer S, Paltser G, Chan Y, Tsui H, Engleman E, Winer D, et al. Obesity predisposes to Th17 bias.
Eur J Immunol 2009;39:2629–2635. [PubMed: 19662632]

9. Seligman PA, Kovar J, Gelfand EW. Lymphocyte proliferation is controlled by both iron
availability and regulation of iron uptake pathways. Pathobiology 1992;60:19–26. [PubMed:
1543546]

10. Weiss G. Modification of iron regulation by the inflammatory response. Best Pract Res Clin
Haematol 2005;18:183–201. [PubMed: 15737884]

11. Weiss G. Iron and immunity: a double-edged sword. Eur J Clin Invest 2002;32 Suppl 1:70–78.
[PubMed: 11886435]

12. Weiss G, Werner-Felmayer G, Werner ER, Grunewald K, Wachter H, Hentze MW. Iron regulates
nitric oxide synthase activity by controlling nuclear transcription. J Exp Med 1994;180:969–976.
[PubMed: 7520477]

13. Oppenheimer SJ. Iron and its relation to immunity and infectious disease. J Nutr 2001;131:616S–
633S. discussion 633S–635S. [PubMed: 11160594]

14. Gordeuk VR, Thuma PE, Brittenham GM, Zulu S, Simwanza G, Mhangu A, et al. Iron chelation
with desferrioxamine B in adults with asymptomatic Plasmodium falciparum parasitemia. Blood
1992;79:308–312. [PubMed: 1730079]

15. Weiss G, Thuma PE, Mabeza G, Werner ER, Herold M, Gordeuk VR. Modulatory potential of iron
chelation therapy on nitric oxide formation in cerebral malaria. J Infect Dis 1997;175:226–230.
[PubMed: 8985227]

16. Fritsche G, Larcher C, Schennach H, Weiss G. Regulatory interactions between iron and nitric
oxide metabolism for immune defense against Plasmodium falciparum infection. J Infect Dis
2001;183:1388–1394. [PubMed: 11294671]

17. Joynson DH, Walker DM, Jacobs A, Dolby AE. Defect of cell-mediated immunity in patients with
iron-deficiency anaemia. Lancet 1972;2:1058–1059. [PubMed: 4117379]

18. Ahluwalia N, Sun J, Krause D, Mastro A, Handte G. Immune function is impaired in iron-
deficient, homebound, older women. Am J Clin Nutr 2004;79:516–521. [PubMed: 14985230]

19. Yanoff LB, Menzie CM, Denkinger B, Sebring NG, McHugh T, Remaley AT, et al. Inflammation
and iron deficiency in the hypoferremia of obesity. Int J Obes (Lond) 2007;31:1412–1419.
[PubMed: 17438557]

20. Bekri S, Gual P, Anty R, Luciani N, Dahman M, Ramesh B, et al. Increased adipose tissue
expression of hepcidin in severe obesity is independent from diabetes and NASH.
Gastroenterology 2006;131:788–796. [PubMed: 16952548]

21. Tussing-Humphreys LM, Nemeth E, Fantuzzi G, Freels S, Guzman G, Holterman AX, et al.
Elevated systemic hepcidin and iron depletion in obese premenopausal females. Obesity (Silver
Spring) 18:1449–1456. [PubMed: 19816411]

22. Ganz T. Hepcidin in iron metabolism. Curr Opin Hematol 2004;11:251–254. [PubMed: 15314524]
23. Nemeth E, Ganz T. Regulation of iron metabolism by hepcidin. Annu Rev Nutr 2006;26:323–342.

[PubMed: 16848710]
24. Tussing-Humphreys LM, Nemeth E, Fantuzzi G, Freels S, Holterman AX, Galvani C, et al.

Decreased Serum Hepcidin and Improved Functional Iron Status 6 Months After Restrictive
Bariatric Surgery. Obesity (Silver Spring). 2010

25. Nguyen MT, Favelyukis S, Nguyen AK, Reichart D, Scott PA, Jenn A, et al. A subpopulation of
macrophages infiltrates hypertrophic adipose tissue and is activated by free fatty acids via Toll-
like receptors 2 and 4 and JNK-dependent pathways. J Biol Chem 2007;282:35279–35292.
[PubMed: 17916553]

26. Fain JN. Release of interleukins and other inflammatory cytokines by human adipose tissue is
enhanced in obesity and primarily due to the nonfat cells. Vitam Horm 2006;74:443–477.
[PubMed: 17027526]

Tussing-Humphreys et al. Page 8

Cytokine. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



27. Yang J, Li X, Hanidu A, Htut TM, Sellati R, Wang L, et al. Proviral integration site 2 is required
for interleukin-6 expression induced by interleukin-1, tumour necrosis factor-alpha and
lipopolysaccharide. Immunology.

28. Strissel KJ, DeFuria J, Shaul ME, Bennett G, Greenberg AS, Obin MS. T-cell recruitment and Th1
polarization in adipose tissue during diet-induced obesity in C57BL/6 mice. Obesity (Silver
Spring) 18:1918–1925. [PubMed: 20111012]

29. Pini M, Sennello JA, Cabay RJ, Fantuzzi G. Effect of Diet-induced Obesity on Acute Pancreatitis
Induced by Administration of Interleukin-12 Plus Interleukin-18 in Mice. Obesity (Silver Spring).
2009

30. Block G, Woods M, Potosky A, Clifford C. Validation of a self-administered diet history
questionnaire using multiple diet records. J Clin Epidemiol 1990;43:1327–1335. [PubMed:
2254769]

31. Ainsworth BE, Sternfeld B, Richardson MT, Jackson K. Evaluation of the kaiser physical activity
survey in women. Med Sci Sports Exerc 2000;32:1327–1338. [PubMed: 10912901]

32. Lagrelius M, Jones P, Franck K, Gaines H. Cytokine detection by multiplex technology useful for
assessing antigen specific cytokine profiles and kinetics in whole blood cultured up to seven days.
Cytokine 2006;33:156–165. [PubMed: 16529940]

33. Ganz T, Olbina G, Girelli D, Nemeth E, Westerman M. Immunoassay for human serum hepcidin.
Blood 2008;112:4292–4297. [PubMed: 18689548]

34. Karlsson EA, Sheridan PA, Beck MA. Diet-induced obesity impairs the T cell memory response to
influenza virus infection. J Immunol 184:3127–3133. [PubMed: 20173021]

35. Miehsler W. Mortality, morbidity and special issues of obese ICU patients. Wien Med Wochenschr
160:124–128. [PubMed: 20364415]

36. Zilverschoon GR, Tack CJ, Joosten LA, Kullberg BJ, van der Meer JW, Netea MG. Interleukin-18
resistance in patients with obesity and type 2 diabetes mellitus. Int J Obes (Lond) 2008;32:1407–
1414. [PubMed: 18645574]

37. Fontana L, Eagon JC, Colonna M, Klein S. Impaired mononuclear cell immune function in
extreme obesity is corrected by weight loss. Rejuvenation Res 2007;10:41–46. [PubMed:
17378751]

38. Benson S, Janssen OE, Hahn S, Tan S, Dietz T, Mann K, et al. Obesity, depression, and chronic
low-grade inflammation in women with polycystic ovary syndrome. Brain Behav Immun
2008;22:177–184. [PubMed: 17716857]

39. Kueht ML, McFarlin BK, Lee RE. Severely obese have greater LPS-stimulated TNF- alpha
production than normal weight African-American women. Obesity (Silver Spring) 2009;17:447–
451. [PubMed: 19057521]

40. Poniachik J, Csendes A, Diaz JC, Rojas J, Burdiles P, Maluenda F, et al. Increased production of
IL-1alpha and TNF-alpha in lipopolysaccharide-stimulated blood from obese patients with non-
alcoholic fatty liver disease. Cytokine 2006;33:252–257. [PubMed: 16564703]

41. Colonna M. Interleukin-22-producing natural killer cells and lymphoid tissue inducer-like cells in
mucosal immunity. Immunity 2009;31:15–23. [PubMed: 19604490]

42. Raymond NC, Dysken M, Bettin K, Eckert ED, Crow SJ, Markus K, et al. Cytokine production in
patients with anorexia nervosa, bulimia nervosa, and obesity. Int J Eat Disord 2000;28:293–302.
[PubMed: 10942915]

43. De Domenico I, Zhang TY, Koening CL, Branch RW, London N, Lo E, et al. Hepcidin mediates
transcriptional changes that modulate acute cytokine-induced inflammatory responses in mice. J
Clin Invest 120:2395–2405. [PubMed: 20530874]

Tussing-Humphreys et al. Page 9

Cytokine. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Tussing-Humphreys et al. Page 10

Table 1

Clinical and biochemical characteristics and whole blood cytokine stimulation of obese and non-obese women
at baseline and at six months post-surgery in the obese women

Variable Obese
Baselinea

(n=17)

Non-obese
Baselinea

(n=19)

Obese
Six-months

Post-surgerya
(n=17)

BMI (kg/m2)b,d 46.6 (7.9) 22.5 (3.0)f 37.6 (5.5)g

Waist circumference (cm)b,d 128.2 (17.6) 78.5(6.7) f 114.5 (15.6) g

Serum IL-6 (pg/mL)c,d 2.85 (1.18) 2.44 (2.11) 1.66 (0.95) g

hs-CRP (mg/L)c,d 11.88 (5.53) 0.91 (1.45) f 6.67 (4.77) g

HOMA-IR c,e 4.97 (3.72) 1.44 (0.66) f 2.62 (2.08) g

Hemoglobin (g/dL) b,d 12.1 (1.14) 12.1 (0.9) 13.0 (1.1) g

Serum Hepcidin (ng/mL)c,d 123.27 (84.76) 22.56 (1.30) f 31.64 (23.69) g

sTfR (nmol/L)b,e 33.17 (11.66) 28.57 (13.88) 24.28 (6.44) g

IL-6 (pg/mL) (control)c,e 312.85 (473.46) 302.03 (369.06) 864.33 (489.93) g

IL-6 LPS (pg/mL) b,d 8288.56 (3606.74) 11999.55 (2881.20) f 12071.76 (4073) g

IL-6 ZY (pg/mL)b,d 7320.40 (5054.52) 11000.62 (3712.67) f 11846.70 (4888) g

IL-10 (pg/mL) (control)c,e 477.70 (368.57) 470.64 (313.81) 473.95 (356.49)

IL-10 LPS (pg/mL) b,d 4375.09 (2369.51) 5242.83 (1828.11) 4438.09 (2058)

IL-10 ZY (pg/mL) b,d 4870.36 (2434.49) 4886.55 (2114.54) 4073.43 (2256)

IL-22 (pg/mL) (control)c,e 132.96 (88.61) 96.26 (50.99) 160.79 (175.84)

IL-22 LPS (pg/mL) b,e 501.96 (196.75) 343.09 (125.07) f 563.62 (520.18)

IL-22 ZY (pg/mL)c,e 469.65 (145.97) 361.59 (154.77) f 647.28 (770.18)

IFNγ (pg/mL) (control)c,e 365.27 (305.51) 985.41 (351.05) f 426.68 (410.79)

IFNγ LPS (pg/mL)c,e 798.94 (812.58) 2526.84 (637.71) f 1053.22 (1190)

IFNγ ZY (pg/mL)c,e 771.71 (745.92) 2403.96 (741.70) f 976.33 (1146)

TNFα (pg/mL) (control) b,d 14.00 (6.83) 12.27 (8.34) 19.74 (10.56)

TNFα LPS (pg/mL) b,d 63.59 (25.04) 110.60 (62.50) f 161.47 (123.29) g

TNFα ZY (pg/mL) b,e 51.05 (23.56) 92.32 (55.81) f 109.21 (76.79) g

a
Values are mean (± standard deviation)

b
T-test was used for comparison of obese versus non-obese women at baseline

c
Wilcoxon rank sum (non-parametric test) was used for comparison of obese versus non-obese women at baseline

d
Paired t-test was used for comparison of baseline and follow-up values in the obese women

e
Wilcoxon signed rank (non-parametric test) was used for comparison of baseline and follow-up values in the obese women

f
denotes p<0.025 (correction factor= 0.05/2 groups) for comparison between obese vs. non-obese women at baseline
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g
denotes p<0.025 (correction factor= 0.05/2 groups) for comparison between obese at baseline vs. six months post-restrictive bariatric surgery

Abbreviations: BMI, body mass index; IL-6, interleukin-6; hs-CRP, high sensitivity C reactive protein; HOMA-IR, homeostasis model assessment
of insulin resistance; sTfR, serum transferring receptor; control, unstimulated whole blood culture, ; LPS, lipopolysacchride; ZY, zymosan; IL-10,
interleukin-10; IL-22, interleukin-22; IFNγ, interferon gamma; TNFα, tumor necrosis alpha

Cytokine. Author manuscript; available in PMC 2012 February 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Tussing-Humphreys et al. Page 12

Table 2

Bivariate correlations between whole blood stimulated IFNγa and anthropometric and biochemical variables in
obese and non-obese premenopausal women at baseline

Obese (n=17 Non-obese (n=19)

IFNγ LPS IFNγ ZY IFNγ LPS IFNγ ZY

BMI (kg/m2) −0.16 −0.06 −0.09 −0.28

Waist Circ. (cm) −0.17 −0.09 −0.07 −0.38

Serum IL-6 (pg/mL) −0.14 0.18 −0.23 −0.31

CRP (mg/L) −0.13 0.13 0.11 0.21

HOMA-IR −0.03 0.18 0.08 0.14

Hemoglobin (g/dL) −0.31 0.20 0.01 0.33

Serum hepcidin (ng/mL) −0.61b −0.63b 0.21 0.30

sTfR (nmol/L) 0.47 0.58b −0.08 −0.17

a
units are in pg/mL

b
p <0.025 (correction factor= 0.05/2 groups)

Abbreviations: BMI, body mass index; IL-6, interleukin-6; CRP, high sensitivity C reactive protein; HOMA-IR, homeostasis model assessment of
insulin resistance; sTfR, serum transferring receptor; IFNγ, interferon gamma LPS, lipopolysacchride; ZY, zymosan
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