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What is the central question of this study?

{

Do obese w, ith relatively high whole-body iron stores exhibit elevated in vivo rates of fatty

acid (FA) dipose tissue compared with a well-matched cohort of obese women with

|
relatively lgw iron stores?

What is t nding and its importance?

SC

Obese wo igh plasma [ferritin] (a marker of whole-body iron stores) had greater FA

U

mobilizati tic activation in adipose tissue, and insulin resistance (IR) compared to obese

women witfl lower plasma [ferritin]. As elevated FA mobilization is intimately linked with the

f

developme these findings suggest that elevated iron stores may contribute to IR in obesity by

c

increasing Syt FA availability.

ABSTRAC

\Y

High rates of fatty acid (FA) mobilization from adipose tissue are associated with insulin resistance

(IR) in obeSity. In vitro evidence suggests that iron stimulates lipolysis in adipocytes but whether iron

|

is related to FA mobilization is unknown. We hypothesized that plasma ferritin concentration

O

([ferritin]), t of body iron stores, would be positively associated with FA mobilization. We

measured [ferritin], FA rate of appearance into systemic circulation (FA Ra; stable isotope dilution),

h

key adiposgtissue fipolytic proteins, and IR (hyperinsulinemic-euglycemic clamp) in 20 obese,

{

premenop en. [Ferritin] was correlated with FA Ra (r=0.65;p=0.002) and IR

U

(r=0.57;p= ese relationships remained significant after controlling for BMI and plasma [C-

reactive ([CRP], a marker of systemic inflammation) in multiple regression analyses. We then

A

stratified subje to tertiles based on [ferritin] to compare subjects with “High-ferritin” vs. “Low-
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ferritin”. Plasma [hepcidin] was more than 5-fold greater in High-ferritin vs. Low-ferritin (p<0.05) but
there was no difference in plasma [CRP] between groups, indicating that the large difference in
plasma [eMects a difference in iron stores, not systemic inflammation. We found that FA Ra,
adipose prd @ dance of hormone sensitive lipase and adipose triglyceride lipase, and IR were
significamtlysgueater in High-ferritin vs. Low-ferritin (all p<0.05). These data provide the first
evidence lign and in vivo FA mobilization and suggest that elevated iron stores may contribute

to IR in ob@sity byincreasing systemic FA availability.

C

INTROD

$

Accumulating evidence suggests that dysregulated iron homeostasis contributes to metabolic

U

dysfunction in obesity (Gabrielsen et al. 2012; Moreno-Navarrete et al. 2014; Orr et al. 2014), but the

mechanisn iron and metabolic health remain incompletely understood (Fernandez-Real et al.

F

2015). Hig adipose tissue lipolysis and fatty acid (FA) release into the systemic circulation

d

are associat insulin resistance in obesity (Van Pelt et al. 2017) and some ex vivo/in vitro

evidence 1 that iron increases lipolysis in adipocytes (Rumberger ef al. 2004; Chirumbolo et

al. 201 Iso some epidemiological evidence linking markers of iron metabolism with

M

plasma FA concentrations (Wlazlo ef al. 2013), and it has been suggested that iron-mediated lipolysis

I

and FA rel contribute to impaired insulin sensitivity in obesity (Rumberger et al. 2004;

Chirumbol, D15; Wlazlo et al. 2013). However, the relationship between iron and in vivo FA

release has examined. The purpose of this study was to determine if plasma ferritin

n

concen itin]), a marker of total body iron stores (Worwood 2007), is positively associated

L

with ele of FA release from adipose tissue in obese, premenopausal women.

AU
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METHODS

Ethical Apioval '

T @ vas part of a larger investigation of the relationship between FA mobilization and
insulin ﬁSiW obese adults. Some of this study’s methods have been reported elsewhere (Van
Pelt et al. m are briefly repeated here for convenience. All findings reported in this paper are

novel. Thigistudy d@nformed to the standards set by the latest version of the Declaration of Helsinki,

was register inicaltrials.gov (NCT01452048), and was approved by the University of Michigan
Institution. ig Board (HUMO00051537). All participants provided written, informed consent.

We studi§20 obese, premenopausal women with plasma [ferritin] within the clinically-
normal ranﬁo ng/mL; Worwood 2007). Participants were weight-stable for >6 months, not
pregnant or breasticeding, and not taking medications/supplements known to affect their metabolism.
Participantgiwe % died after an overnight fast during the follicular phase of their menstrual cycle.

We col line blood sample and a subcutaneous abdominal adipose tissue sample, under

local anestheti Pelt et al. 2017). FA rate of appearance into systemic circulation (FA Ra) was

assessed usin palmitate isotope dilution as detailed elsewhere (Van Pelt ef al. 2017). Briefly,

g
after collecg g the baseline blood and adipose tissue samples, >C palmitate was infused at a rate of
0.04 wmol/ myfor 1 hour. After 45 minutes, we collected 3 blood samples separated by 5 minutes
for the dete n of the tracer-tracee ratio (TTR) of >C/"*C palmitate in plasma for subsequent
FA Ra @(Pattemon et al. 1998). Insulin resistance was assessed using a 2-hour primed,
hyperinsul:"emic—’lglycemic clamp—insulin was infused at a rate of 100 mU/m*/min and insulin
sensitivity :se of insulin resistance) was determined as the steady-state glucose infusion rate

at the end mp period divided by fat free mass (assessed via dual-energy X-ray

absorpt(

This article is protected by copyright. All rights reserved.



Analytical Methods

Hernoglob:" concstration ([hemoglobin]) and hematocrit were assessed by the University of

Michigan ldboratory. Fasting plasma concentrations of glucose, triglycerides, and

cholesterol red using colorimetric assays and fasting plasma insulin concentration was

measure’i \smmmunoassay (Van Pelt et al. 2017). Enzyme-linked immunosorbent assays were
used for the ameagirement of plasma concentrations of ferritin (Abcam Ab108837), high-sensitivity C-
reactive prQ&P], Calbiotech CR120C), soluble transferrin receptor ([sTfr], R&D Systems
DTFR1), awm ([hepcidin], R&D Systems DHP250). For our FA Ra analysis, palmitate TTR,
as well as ncentrations of palmitate and total FA were all determined using GC/MS
(Pattersonj& Patterson ef al. 1999). Palmitate Ra was calculated from TTR using the steady-
state Steeldfequation (Steele 1959) and FA Ra was calculated by dividing palmitate Ra by the
fractional contribution of palmitate to total FA concentration. Standard immunoblotting techniques

(Van Pelt e l.

#4107 g), phosphorylated HSL (p-HSL**"*®; #4126 Cell Signaling), adipose triglyceride

/) were used to quantify the protein abundance of hormone sensitive lipase (HSL;

lipase (AT 8 Cell Signaling), and phosphorylated ATGL (p-ATGL*™*, kind gift of Dr.
Matthew Watt, University of Melbourne). The ATGL antibody recognized a doublet of ~50 and 54
kDa, as haieen reported in previous studies (Wang et al. 2013; Schreiber ef al. 2017). A single box
was drawn Qoth bands for ATGL quantification. Protein expression was normalized to total

protein stai code, Thermofisher).

-

-

Statistics :

All data are presented as mean+SD. Non-normally distributed variables ([sTfr], [Triglycerides], and

p-HSL xpression) were log-transformed prior to statistical analyses. Simple and multiple

linear regressions were performed to examine relationships between variables. For group comparisons
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between the highest and lowest tertiles of plasma [ferritin], homogeneity of variance was tested

(Levene’s test) and unpaired t-tests were performed. The level of significance was set at p<0.05

(SPSS Verskn 5’1!

RESULTL

Plasma [F@nd Group Stratification

lemn] in our subjects ranged from 23-197 ng/mL, which is within the clinically
normal ranwood 2007). We stratified subjects into tertiles for comparisons between subjects
with high-normal plasma [ferritin] (“High-ferritin”; 144428 ng/ml; n=6) vs. low-normal plasma
[ferritin] (“Wow-ferritin™; 3613 ng/mL; n=6). The High-ferritin and Low-ferritin groups were well-
matched fmhropometric characteristics, and fasting plasma concentrations of glucose, insulin,

triglycerides,'a olesterol (Table 1). By design, there was a large (~4-fold) difference in plasma

[ferritin] roups. Hepcidin, a liver-secreted hormone described as the master regulator of iron

homeo es in response to high iron stores (Coffee & Ganz 2017); consistent with this, we

found that plasma [hepcidin] was more than 5-fold greater in High-ferritin vs. Low-ferritin. Systemic
inﬂammatihﬂuence [ferritin] and [hepcidin] but plasma [CRP] did not differ between groups,

suggesting @ lifference in plasma [ferritin] between groups reflects a large difference in body
iron stores wi difference in a key marker of systemic inflammation. Basic markers of
erythropgiesi oglobin], hematocrit, and [sTfr]) were also similar between groups (Table 1).

Fatty Acid ;;O;Z;ZZ tion
<ol/kg fat mass/min) was more than 80% greater in High-ferritin vs. Low-ferritin

(p=0.02; Figure 1A). The large between-group difference in FA Ra remained significant when
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expressed in absolute terms (6961191 vs. 413+133 pmol/min, p=0.01) or normalized to fat-free mass
(13.7£3.6 vs. 8.6+2.0 umol/kg/min, p=0.01). Accompanying the greater FA Ra in High-ferritin vs.
Low—feMrotein abundance of HSL and ATGL and the ratio of p-HSL*"*®:HSL (a marker of
elevated li tivation) were all significantly greater in High-ferritin (p<0.05; Figure 1B). There
were no%li fFEFEREES in the ratio of p-ATGL*™**: ATGL (Figure 1B). Across all 20 subjects, plasma
[ferritin] w cantly correlated with FA Ra (r=0.65; p=0.002; Figure 1C). Importantly, using
multiple re@ressiogyanalyses, plasma [ferritin] remained independently correlated with FA Ra even

when BMIWP] were included as covariates (overall model R=0.67, p=0.02; [ferritin]

Tpartia=0.67, p=0.003; BMI 1411is=-0.073, p=0.78; [CRP] rpariia=-0.13, p=0.62).

Insulin Senc

Whole & insulin sensitivity was nearly 40% lower in High-ferritin vs. Low-ferritin

U

. Across all 20 subjects, plasma [ferritin] was negatively correlated with insulin

sensitivity (1= > p=0.008; Figure 1E). Using multiple regression analyses, plasma [ferritin]
remained independently correlated with insulin sensitivity when BMI and [CRP] were included as

covariates @verall model R=0.69, p=0.02; [ferritin] ryamia=-0.62, p=0.01; BMI 1i0=-0.28, p=0.28;

[CRP] rpamopzo.ﬁ).
DISCUg

Thmovel finding of this study was that plasma [ferritin] was linked with elevated FA

Ra in obes enopausal women. These data are the first to demonstrate a relationship between

n vivo FA mobilization. Importantly, our findings also suggest that an elevation in

systemic FA mobilfzation in obese adults with relatively high plasma [ferritin] may contribute to
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whole-body insulin resistance. Together, these findings suggest that iron stores influence FA

metabolism and insulin resistance in obesity, even among individuals with clinically-normal plasma

[ferritin].H

CilQ‘litin] is widely used as a biomarker of body iron stores in clinical and research

. I I o o .
settings (Wsrwood 2007). However, it is known that systemic inflammation can augment plasma
[ferritin] (Gabay & Kushner 1999), which can influence the interpretation of [ferritin] as a marker of
r this reason, it is common to assess circulating [CRP] in conjunction with

body iron s

[ferritin] tgfdet@mihe if observed [ferritin] patterns are driven by inflammation. In the present study,

$

we found i ce in [CRP] between High-ferritin and Low-ferritin, and the relationships
fomi

between [ i d FA Ra and insulin resistance persisted after controlling for [CRP] in multiple

regression @nalyses. Importantly, the relationship between [ferritin] and insulin resistance has

fi

repeatedly been shown to remain independent of [CRP] (Wlazlo et al. 2015; Jehn et al. 2004). We

d

recognize tRat ] is only one marker of systemic inflammation and we cannot completely dismiss

the pos e of inflammation on [ferritin] in our subjects.

isms linking iron and insulin resistance remain incompletely understood, but our

M

findings suggest that iron-mediated FA mobilization may be a key underlying mechanism. Previous

I

studies rep ex vivo and in vitro treatment of murine adipocytes with iron increased glycerol

release (RyimbergeBer al. 2004; Chirumbolo ef al. 2015), suggesting the possibility that iron may

directly or indi activate ATGL and/or HSL, the two primary enzymes catalyzing triglyceride

n

hydrolygi ipalysis). Gene expression of HSL was recently reported to be significantly increased

{

(and the ATGL expression was nearly statistically significant) in mice after four weeks of

dietary iron supplefnentation (Katsumura et al. 2017) but to our knowledge, the influence of iron on

Gl

lipase protein a tion/abundance has not been previously examined. Our findings that total protein

abunda th HSL and ATGL and the ratio of p-HSL**"**:HSL were significantly greater in

A

High-ferritin vs. Low-ferritin suggest that iron may increase lipase protein abundance and activation.

This article is protected by copyright. All rights reserved.



Iron is a potent inducer of reactive oxygen species (ROS), which have been found to increase

adipocyte HSL activation in vitro (Krawczyk et al. 2012). Based on these findings, our working

{

hypothesis at clevated iron increases ROS signaling, thereby increasing lipase activity and FA Ra,
resulting i @ d insulin sensitivity.

Ougcross-sectional study design enabled us to compare obese subjects with widely differing

iron stores that wgre otherwise well-matched. We hypothesize that iron stimulates lipolysis, resulting

G

in elevated ut we cannot rule out the possibility that the converse is true (i.e., elevated FA Ra

may increaSe if®n Wptake and storage) or that the association between [ferritin] and FA Ra may be

$

mediated b ctors. Additional studies are needed to determine whether iron stores and FA Ra

U

are indeed elated. Future studies are also needed to examine whether the observed

relationshi@§ between iron, FA mobilization, and insulin resistance in obese, premenopausal women

fi

hold true in other populations.

In

a

, we have provided the first evidence linking iron stores and in vivo FA

mobilizatiom® e findings add to the growing body of evidence indicating that iron stores influence

metabo

en among individuals with normal iron stores. Future studies are warranted to

M

determine if lowering iron stores is a potential countermeasure to reduce FA mobilization and

[

improve in itivity in obese adults.
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Table 1. Anthropometric and clinical measures in Low-Ferritin vs. High-Ferritin.

Low-Ferritin High-Ferritin

H

A!e (years) 34 + 11 33+7 0.80

w (k@) 96 + 11 98+9 0.73
ss Index (kg/m?) 35+2 37+3 0.25

P-Value

% 51+3 48 £ 6 0.36
F (kg) 49+8 47 + 9 0.73
ass (kg) 47 £ 5 516 0.27

Fastin lucose] (mM) 4705 4507 0.61

tifig fhsulin] (LU/mL) 14+ 10 1816 0.40

an

riglycerides] (mg/dL) 53+ 20 61+ 37 0.83

holesterol] (mg/dL) 159 £ 45 167 £ 16 0.70

M

sma [Ferrltln] (ng/mL) 36+13 144 + 28 0.000007*
epcidin] (ng/mL) 34 + 54 184 £ 118 0.02¢
@RP] (mg/dL) 0.9+0.8 1.2+0.8 0.48
bin] (g/dL) 122+1.2 124 +£0.3 0.64
m t (%) 37+3 37+ 1 0.91
sma sTfr] (nM) 28+ 14 195 0.21

Data are prese:d as mean = SD. *p<0.05.
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FIGURE CAPTIONS

Figure Mdd rate of appearance (FA RA) in Low-Ferritin (closed circles) vs. High-Ferritin
(open circlive protein abundance of lipolytic proteins in adipose tissue; data were
normaligedatestetaleprotein stain (Memcode) and expressed relative to the mean of the Low-Ferritin
group. Weh images show all individual data for subjects in the Low-Ferritin and High-Ferritin
groups (fo@tein, all subjects were run on a single gel with a molecular weight marker after the
4™ sample) sentative image of the total protein stain is shown. Images were processed using
Image J; im38€ a@flistments were limited to changes in brightness and contrast to optimize
visualization and §re performed uniformly on the whole image. C) Correlation between plasma
[ferritin] a across all subjects. D) Insulin sensitivity (glucose infusion rate; GIR) in Low-

Ferritin vs. g itin. E) Correlation between plasma [ferritin] and insulin sensitivity across all

subjects. mels A, B, and D are presented as mean + SD with individual data shown.
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