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Abstract 

Objectives: 

Graves' hyperthyroidism (GH) interferes with iron metabolism and elevates ferritin. The precise 

mechanisms remain unclear. The influence of thyroid hormones on the synthesis/regulation of 

hepcidin, an important regulator of iron metabolism, remains uncharacterized.  

Design:  

Prospective observational study. 

Patients:  

We included patients (n=31) with new-onset and untreated GH. 

Measurements: 

Laboratory parameters indicative of iron metabolism (ferritin, transferrin, hepcidin), inflammatory 

markers/cytokines and smoking status were assessed at the diagnosis of GH (T0) and at euthyroidism 

(T1) in the same patients using multivariable analyses. Hepcidin was measured by mass spectrometry 

(hepcidinMS) and ELISA (hepcidinEL). The impact of T3 on hepatic hepcidin expression was studied in 

a cell culture model using HepG2 cells.  

Results: 

Median ferritin levels were significantly lower and transferrin significantly higher at T1 than at T0. 

HepcidinMS levels were lower in males and females at T1 (statistically significant in males only). No 

statistically significant difference in hepcidinEL was detected between T0 and T1. Plasma levels of 

inflammatory markers (high-sensitive CRP, procalcitonin) and cytokines (interleukin 6, interleukin 1ß, 

tumor necrosis factor α) were not different between T0 and T1. Smokers tended to have lower fT3 and 

fT4 at T0 than non-smoking GH patients. T3 significantly induced hepcidin mRNA expression in 

HepG2 cells. 

Conclusions: 

Iron metabolism in patients with GH undergoes dynamic changes in patients with GH that resemble an 

acute phase reaction. Inflammatory parameters and cytokines were unaffected by thyroid status. 

Gender and smoking status had an impact on ferritin, hepcidin and thyroid hormones.  
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Introduction 

Hyperthyroidism is a systemic disorder. Apart from well-known implications of thyroid overfunction 

for example on the cardiovascular system and bone metabolism, thyroid hormone excess interferes 

also with iron metabolism, i.e. elevates ferritin and has an impact on other hematologic parameters. 

These abnormalities are temporary and normalize once the patient has achieved an euthyroid state.  

In severe hyperthyroidism normochromic, normocytic anemia may be associated with impaired iron 

use
1, 2

. These anemias are unresponsive to hematinic therapy
2
 (i.e. substitution with iron, vitamin B12 

or folate) and vanish once normal thyroid function is restored. On the other hand, there are manifold 

effects of thyroid hormones on iron metabolism. 

 

Iron acts as an important cofactor in fundamental biochemical processes, for example oxygen 

transport. High iron concentrations are toxic and therefore iron metabolism in the body is highly 

regulated. Several proteins play a critical role in iron metabolism. Iron, bound to transferrin, is 

transported within the plasma and internalized by receptor-mediated endocytosis. Intracellular ferritin 

is principally responsible for storage and buffering of excess iron
3
. Hepcidin, a liver derived peptide-

hormone, is one of the most important regulators of iron homeostasis. It lowers plasma iron by down 

regulating ferroportin 1 (FPN-1), which promotes iron efflux out of cells (enterocytes, hepatocytes or 

macrophages)
4, 5

. The bioactive form of hepcidin (hepcidin-25) contains 25 amino acids. Smaller 

isoforms (hepcidin-24, -23, -22) are usually present in conditions characterized by elevated hepcidin-

25 levels; however, the biological significance of these isoforms remains unclear
6-8

. 

 

Acute-phase reactions lead to substantial changes in iron metabolism and are characterized by high 

levels of ferritin and hepcidin and low levels of iron and transferrin
3
. Animal models of 

hyperthyroidism demonstrate decreased circulating plasma iron and increased hepatic iron and ferritin. 

In addition, hepatic ferritin synthesis is increased, although hepatic albumin synthesis remains 

unchanged
9
. In hyperthyroid states plasma erythropoietin (EPO) levels are high, erythropoiesis is 

increased, and bone marrow is hypercellular
2, 10, 11

. Hence, iron turnover due to augmented iron 

utilization is increased, but iron overload is absent
2, 10, 12

, and the concomitant expansion of plasma 
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volume masks the increase in red blood cell mass
12

. The observed decline in plasma iron levels can be 

explained by faster incorporation of iron into heme; however, any impact of hepcidin remains 

speculative because there is no data regarding the influence of thyroid hormones on hepcidin synthesis 

and regulation. Case reports and case series have described transiently elevated ferritin levels in 

hyperthyroid patients that decreased after achieving a euthyroid state
13–16

. Whereas some studies found 

a positive correlation between levels of thyroid hormones and ferritin
15

, others did not
14

. Furthermore, 

the mechanisms of hyperthyroidism-associated hyperferritinemia remain poorly understood.  

 

Here, we hypothesize that thyroid hormones directly influence iron metabolism by affecting ferritin 

and/or hepcidin levels. Therefore, the aims of this study were: 

a) To quantify the levels of ferritin, hepcidin, and other parameters related to iron metabolism (e.g. 

transferrin) in patients with Graves' hyperthyroidism (GH) and in the same patients after they had 

achieved euthyroidism. 

b) To investigate potential mechanisms by measuring inflammatory parameters and cytokines and to 

set these measurements in relation to gender and smoking status. 

c) To study the impact of thyroid hormones on hepatic hepcidin expression using a cell culture model. 

 

 

Subjects and Methods 

 

This was a prospective observational study. The subjects consisted of patients who attended our 

outpatient clinic with newly diagnosed and untreated Graves’ hyperthyroidism (GH). Exclusion 

criteria were: age below 18 years, pregnancy/planned pregnancy, known hepatopathy, alcohol abuse 

(defined as consumption of ≥3 standard drinks per day in females or ≥4 standard drinks per day in 

males), known/treated iron deficiency, active malignancy, chronic renal insufficiency (≥ chronic 

kidney disease stage III) and acute/chronic infections. Laboratory parameters were assessed in patients 

at the diagnosis of GH (T0) and after they reached euthyroid function (T1) following treatment with 

antithyroid therapy (carbimazole or propylthiouracil). Euthyroid function was defined as the presence 
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of normal thyroid stimulating hormone (TSH)/free triiodothyronine (fT3) and free thyroxine (fT4) 

values for at least four weeks. Thyroid volume was calculated using B-mode standard 

ultrasonography. All patients gave their written informed consent. The study conformed to the 

declaration of Helsinki and was approved by the local ethics committee (approval number: EKNZ-

13077).  

 

Laboratory assessment 

Indicators of thyroid (TSH, fT3, fT4, anti-TSH-receptor antibodies) function, iron metabolism 

(ferritin, transferrin, iron, soluble transferrin receptor [sTfR]), and inflammation (high sensitivity c-

reactive protein [hsCRP], procalcitonin) were measured using electrochemiluminescence 

immunoassays (ECLIA, Roche COBAS
®
 System, Roche Diagnostics, Rotkreuz, Switzerland). Ferritin 

index was calculated using the quotient of sTfR / log ferritin. 

 

Aliquots were kept at -70 °C for batch analysis of hepcidin and cytokines. Hepcidin analyses were 

performed using two different assays: mass spectrometry for the determination of bioactive hepcidin-

25 (hepcidinMS), which represents the most specific and accurate approach for detecting bioactive 

hepcidin
6
, 

8
, 

17
. For comparison, hepcidin was also measured by ELISA (hepcidinEL, Hepc Cusabio

®
,
 

College Park MD, USA), which detects hepcidin-25 and other hepcidin-isoforms. Measurement of 

cytokines was performed using a flowcytometric method. 

 

Cell culture 

HepG2 cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM) (1g/L glucose) 

supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. For gene expression 

analysis, 2×105 cells/well were seeded into 6-well plates. After attachment, cells were washed in 

phosphate buffered saline (PBS) and incubated in serum-free DMEM for 24 h. Thereafter, cells were 

stimulated with ± 10 nM T3 (Sigma-Aldrich, Buchs, Switzerland) for 24 h in serum-free DMEM. 

After washing with PBS, RNA was extracted (NucleoSpin
®
, Macherey-Nagel, Düren, Germany), 

reverse transcribed (Takara Bio Europe, Saint-Germain-en-Laye, France), and quantitative real-time 
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PCR was performed as described
18

. Hepcidin primers (Hs00221783_m1) were purchased from 

Applied Biosystems (ThermoFisher Scientific, Waltham MA, USA). 

 

Statistical analysis 

The values for each parameter were compared at baseline (T0) and follow-up (T1), as defined above. 

Initially, data were analyzed descriptively by calculating medians and interquartile ranges (IQRs). The 

statistical significance of any differences was established using the non-parametric Wilcoxon 

matched-pairs signed-rank test. For the main variables (fT3, fT4, ferritin, hepcidin and transferrin), 

separate multivariable analyses were performed using random effects models with a random intercept. 

Standard errors were estimated with the Huber-White sandwich method
19

 because of observed 

variance heteroscedasticity. Only patients without missed measurements at either T0 or T1 were 

included in the regression analysis. Analyses were repeated by including also patients with partially 

missing data (hepcidin could not be measured in 6 patients at T0, 1 patient had no measurements of 

cytokines at T0), with no alteration of the results or conclusions.  

 

The main exposure of interest in our multivariable analysis was the time-point (baseline T0 or follow-

up T1). The following variables were considered for model adjustment: age, gender, smoking status, 

and time between baseline and follow-up (in days). We also tested for interactions with gender and 

smoking status. These interaction tests were specified a priori and were based on existing evidence in 

the literature. The variables were manually added to the model in an incremental fashion and the 

results were inspected visually. The final models only included those adjustments that exerted a 

substantial impact on the point estimate for the time-point (>20%) and interaction terms with P < 0.1. 

All data analyses were performed using Stata SE Version 13.1 (StataCorp LLC, College Station TX, 

USA). Statistical significance was defined as P < 0.05. All tests were two-sided. No adjustments for 

multiple testing were performed.  
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Results 

Thirty-one patients (22 females, 9 males; mean age 48 years [range 26–82]) were included in the 

study. Twelve out of thirty-one (38%) patients were smokers. The median (IQR) thyroid volume was 

13.9 (10.6–23.1) ml, thyroid parameters are displayed in Table 1. Patients were treated either with 

carbimazole (n=29) or propylthiouracil (n=2). Two patients had normochromic, normocytic anemia at 

baseline that resolved at T1, but none had laboratory values consistent with iron deficiency (i.e. 

ferritin index ≥3 or soluble transferrin receptor >5 mg/l).  

 

Restoring normal thyroid function led to a rise of transferrin and plasma iron (values for iron at T1 

not significant). By contrast, transferrin saturation and soluble transferrin receptor levels were 

unaffected by thyroid function as were plasma levels of inflammatory markers (hsCRP and 

procalcitonin) and cytokines (IL-6, IL-1ß, and TNF-α, Table 1). Smoking status had no impact on 

levels of inflammatory markers and cytokines (data not shown). 

 

Median (IQR) ferritin concentrations at baseline were 156 (63–262) µg/l and were higher in males 

(277 [222.5–615] µg/l) than in females (117.5 [56.75–210] µg/l). The highest ferritin values were 

1100 µg/l in one male and 443 µg/l in one female patient at T0, but in both of these patients the values 

had normalized at T1. Median ferritin levels decreased significantly after euthyroid function had been 

achieved (Table 1, Fig. 1). 

 

Median (IQR) hepcidinMS concentrations at baseline were 9.15 (6.45–17.25) nmol/l and were higher in 

males (17.1 [10.5–26.9] nmol/l) than in females (8.3 [6.3–13.6] nmol/l). As with ferritin, hepcidinMS 

levels decreased in males and females after patients had reached euthyroidism. This change was only 

statistically significant in men (Table 1, Fig. 2). Changes between T0 and T1 did not reach statistical 

significance when hepcidin was measured by ELISA (hepcidinEL, Table 1). There was no correlation 

detected between Anti-TSH receptor antibody (TRAb) titers and ferritin/hepcidin levels (data not 

shown). 
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Multivariable regression analyses 

The following four parameters were also subjected to multivariable regression analyses: ferritin, 

hepcidinMS, fT3, and fT4 (Table 2). While the patterns of change observed in univariable analyses 

were largely replicated, multivariable analyses also indicated confounding by age (ferritin) and, more 

importantly, effect modification by smoking status and sex. With respect to the latter, the changes in 

ferritin and hepcidin differed significantly between males and females, with males having higher 

values at baseline but a subsequent steeper decline. At follow-up, the differences were still statistically 

significant between the two sexes for ferritin (estimated difference between males and females [95% 

confidence interval (CI)]: 103.9 µg/l [22.9; 184.9]), but not for hepcidin (2.5 nmol/l [-0.9; 6.0]). 

 

Further, the regression models for fT4 and fT3 indicated differences in the dynamics of changes 

between smokers and non-smokers (Fig. 3a/3b). In particular, smokers had lower fT3 and fT4 at T0 

(model estimates [95% CI] for differences between non-smokers and smokers of -6.1 pmol/l [-11.1; -

1.2] and -18.2 pmol/l [-31.1; -5.2], respectively). During follow-up, these laboratory parameters 

stabilized at similar levels for smokers and non-smokers (differences of 0.3 pmol/l [-0.2; 0.9] and-0.1 

pmol/l [-2.2; 2.0], respectively.  

 

Cell culture model 

To investigate whether elevated hepcidin levels in hyperthyroid subjects might be directly driven by 

high fT3 levels, experiments were performed in a human liver cell line. As shown in Fig. 4, T3 

treatment significantly induced hepcidin mRNA expression in HepG2 cells, consistent with the 

findings in patients.  
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Discussion 

The results of our study are threefold: a) GH leads to changes in iron metabolism that resemble a 

classical "acute phase reaction" i.e. elevation of ferritin and hepcidin and a decline of transferrin and 

iron levels. These changes seem to be (in part) independent from inflammatory parameters and 

normalize after achieving euthyroid function. b) There is an impact of gender and smoking status on 

these parameters, i.e. ferritin and hepcidin levels are influenced by gender, fT3 and fT4 by smoking 

status. c) Thyroid hormones have a direct impact on hepcidin mRNA expression in the cell culture 

model. 

 

Regulation of the synthesis and secretion of ferritin and hepcidin is complex, and involves multiple 

pathways and effectors, including total iron content, reactive oxygen species, erythropoietin (EPO) 

levels, and cytokines
20

. During acute-phase reactions, a variety of cytokines and proinflammatory 

molecules (TNF-α, IL-1α, IL-1β, IL-6, lipopolysaccharide and nitric oxide) regulate ferritin by 

inducing the transcription, stimulating the secretion, and modulating the posttranscriptional 

mechanisms
21

. IL-6 is one of the primary inducers of hepcidin
22, 23

 in inflammatory and infectious 

states. In contrast, EPO suppresses hepcidin levels
24

, however, the effect of the high EPO levels in 

hyperthyroid patients
10

 on hepcidin synthesis may be overridden by other factors (e.g. thyroid 

hormones).  

 

New-onset GH can be interpreted as a form of acute-phase or inflammatory reaction, but markers of 

inflammation and inflammatory cytokines in our patients were not affected neither by thyroid function 

nor by smoking status. These findings are in concordance with other studies where circulating serum 

cytokines are unchanged in GH patients
25

 or only partially elevated
26

.  

 

Therefore, a direct hormonal influence on the physiology of ferritin and hepcidin must be assumed. 

Cell culture models indeed demonstrated that ferritin gene transcription was induced by insulin/IGF-

1
27

, TSH
28

 and T3
29

, and that the latter modulates posttranscriptional mechanisms via iron regulatory 

proteins (IRPs)
29

. This is the first study to show a direct effect of T3 on hepcidin mRNA expression in 
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a human liver cell line, which is consistent with the clinical finding of elevated hepcidin levels in our 

hyperthyroid subjects. Of note, the impact of T3-stimulation on hepcidin production in HepG2 cells 

was assessed on mRNA but not on protein levels, as hepcidin production may mainly be regulated at 

transcriptional level
30

. 

 

In our study population, ferritin and hepcidin levels showed wide variability and were higher in men 

than in women. The influence of gender on ferritin
31

 and hepcidin
32

 is well known. Estrogen inhibits 

hepcidin synthesis
33

 and hepcidin levels are lower in premenopausal subjects
32

 and in women with 

high endogenous estrogen levels resulting from in vitro fertilization procedures
34

. In our study, the 

majority (16/22) of the female patients were premenopausal and thus had lower hepcidin levels, which 

may have contributed to the difficulty in detecting differences in hepcidin levels between T0 and T1 in 

female subjects. 

 

Compared to smokers, non-smokers had significantly higher fT3 and fT4 values at T0. Smoking has 

an impact on various aspects of thyroid function and the development of thyroid disease
35

. Smokers 

are exposed to higher thiocyanate levels
36

, which can affect T3 and T4 concentrations
37

, mainly 

through its inhibitory effect on iodine trapping
38

. In addition, lower T3 and T4 levels have been 

described in smokers with normal thyroid function
39, 40

. However, to the best of our knowledge, the 

impact of smoking on T3 and T4 levels in patients with hyperthyroidism and GH has not been 

described until now.  

 

In comparison to other studies
13–16

, this study had the advantages of including only patients with GH, 

using longitudinal assessments of laboratory values, and measuring a novel variable related to iron 

metabolism (hepcidin). Our study design allowed us to compare and demonstrate the dynamic changes 

in ferritin and hepcidin that occur in the same individuals during thyroid hyperfunction and after the 

achievement of normal thyroid function. This approach allowed the elimination of high inter-

individual variability in ferritin and hepcidin levels. 
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Another strength of our study was the use of mass spectrometry, the most accurate method for the 

quantification of bioactive hepcidin. A recently published study
34

 found no differences in circulating 

hepcidin levels in 20 patients with hyperthyroidism (17 with GH, two with subacute thyroiditis and 

one with toxic nodular goiter). However, hepcidin levels in that study were measured by ELISA only, 

which has the drawback of low specificity and accuracy. This is in line with our findings showing no 

statistically significant differences in hepcidin levels between time-points when hepcidin levels were 

measured using ELISA.  

 

The study has two principal limitations: the sample size was small and only fraction of the factors (e.g. 

cytokines) that are known to influence the levels of proteins involved in iron metabolism were 

measured. Thus, we were unable to elucidate fully the complex regulation of iron metabolism in 

hyperthyroid patients. 

 

From a clinical point of view, knowledge of these dynamic changes and the underlying mechanisms is 

critical, allowing the clinician to estimate the impact of thyroid function abnormalities on these 

parameters, to consider other differential diagnoses and to prevent unnecessary investigations (e.g. for 

clarification of hyperferritinemia). The role of these acute phase mechanisms in GH in the clinical 

context should be further elucidated. As with cytokines
41

 or TRAb-titers
42

, hepcidin and ferritin levels 

could have a potential role as parameters for predicting relapse of GH after thyrostatic treatment. 

However, this topic has to be clarified in future studies. 

 

In conclusion, our study results indicate that iron metabolism in patients with GH undergoes dynamic 

changes that are comparable to an acute phase reaction. Gender and smoking status had an impact on 

parameters of iron metabolism and thyroid hormones, in contrast to inflammatory parameters and 

cytokines which were unaffected by thyroid status. For the first time, we were able to demonstrate that 

hepcidin, a key regulator of human iron metabolism, is affected in Graves' hyperthyroidism, and that 

thyroid hormones had a direct effect on expression of this protein in hepatocytes.  

  



12 

 

Declaration of interest 

There is no conflict of interest. The authors have nothing to disclose. 

 

Funding 

This research did not receive any specific grant from any funding agency in the public, commercial or 

not-for-profit sector. 

 

Acknowledgements 

The authors thank the staff of the Division of Endocrinology, Diabetes and Clinical Nutrition, 

Luzerner Kantonsspital (Dr. Lea Slahor, Dr. Isabelle Suter-Widmer, Dr. Lukas Burget) for their 

support regarding recruitment.   



13 

 

References 

1.  Nightingale S, Vitek PJ, Himsworth RL (1978) The haematology of hyperthyroidism. Q J Med, 

47, 35–47. 

2.  Rivlin RS, Wagner HN (1969) Anemia in hyperthyroidism. Ann Intern Med, 70, 507–516. 

3.  Muñoz M, García-Erce JA, Remacha AF (2011) Disorders of iron metabolism. Part 1: 

molecular basis of iron homoeostasis. J Clin Pathol, 64, 281–286. 

4.  Zhao N, Zhang A-S, Enns CA (2013) Iron regulation by hepcidin. J Clin Invest, 123, 2337–

2343. 

5.  Drakesmith H, Nemeth E, Ganz T (2015) Ironing out Ferroportin. Cell Metab, 22, 777–787. 

6.  Macdougall IC, Malyszko J, Hider RC, Bansal SS (2010) Current Status of the Measurement of 

Blood Hepcidin Levels in Chronic Kidney Disease. Clin J Am Soc Nephrol, 5, 1681–1689. 

7.  Kroot JJC, Laarakkers CMM, Geurts-Moespot AJ, et al (2010) Immunochemical and mass-

spectrometry-based serum hepcidin assays for iron metabolism disorders. Clin Chem, 56, 1570–

1579. 

8.  Girelli D, Nemeth E, Swinkels DW (2016) Hepcidin in the diagnosis of iron disorders. Blood, 

127, 2809–2813. 

9.  Deshpande UR, Nadkarni GD (1992) Relation between thyroid status and ferritin metabolism in 

rats. Thyroidol APRIM, 4, 93–97. 

10.  Das KC, Mukherjee M, Sarkar TK, Dash RJ, Rastogi GK (1975) Erythropoiesis and 

erythropoietin in hypo- and hyperthyroidism. J Clin Endocrinol Metab, 40, 211–220. 

11.  Popovic WJ, Brown JE, Adamson JW (1977) The influence of thyroid hormones on in vitro 

erythropoiesis. Mediation by a receptor with beta adrenergic properties. J Clin Invest, 60, 907–

913. 

12.  Donati RM, Warnecke MA, Gallagher NI (1965) Ferrokinetics in hyperthyroidism. Ann Intern 

Med, 63, 945–950. 

13.  Macaron CI, Macaron ZG (1982) Increased serum ferritin levels of hyperthyroidism. Ann Intern 

Med, 96, 617–618. 

14.  Sakata S, Nagai K, Maekawa H, Kimata Y, Komaki T, Nakamura S, Miura K (1991) Serum 



14 

 

ferritin concentration in subacute thyroiditis. Metabolism, 40, 683–688. 

15.  Takamatsu J, Majima M, Miki K, Kuma K, Mozai T (1985) Serum ferritin as a marker of 

thyroid hormone action on peripheral tissues. J Clin Endocrinol Metab, 61, 672–676. 

16.  Van de Vyver FL, Blockx PP, Abs RE, Van den Bogaert WG, Bekaert JL (1982) Serum ferritin 

levels in hyperthyroidism. Ann Intern Med, 97, 930–931. 

17.  Li H, Rose MJ, Tran L, Zhang J, Miranda LP, James CA, Sasu BJ (2009) Development of a 

method for the sensitive and quantitative determination of hepcidin in human serum using LC-

MS/MS. J Pharmacol Toxicol Methods, 59, 171–180. 

18.  Wueest S, Rapold RA, Schumann DM, et al (2010) Deletion of Fas in adipocytes relieves 

adipose tissue inflammation and hepatic manifestations of obesity in mice. J Clin Invest, 120, 

191–202. 

19.  White H (1980) A heteroskedasticity-consistent covariance matrix estimator and a direct test for 

heteroskedasticity. Econometrica, 48, 817–830. 

20.  Wang J, Pantopoulos K (2011) Regulation of cellular iron metabolism. Biochem J, 434, 365–

381. 

21.  Torti FM, Torti SV (2002) Regulation of ferritin genes and protein. Blood, 99, 3505–3516. 

22.  D’Angelo G (2013) Role of hepcidin in the pathophysiology and diagnosis of anemia. Blood 

Res, 48, 10–15. 

23.  Nemeth E, Rivera S, Gabayan V, Keller C, Taudorf S, Pedersen BK, Ganz T (2004) IL-6 

mediates hypoferremia of inflammation by inducing the synthesis of the iron regulatory 

hormone hepcidin. J Clin Invest, 113, 1271–1276. 

24.  Ashby DR, Gale DP, Busbridge M, et al (2010) Erythropoietin administration in humans causes 

a marked and prolonged reduction in circulating hepcidin. Haematologica, 95, 505–508. 

25.  Mikos H, Mikos M, Rabska-Pietrzak B, Niedziela M (2014) The clinical role of serum 

concentrations of selected cytokines: IL-1β, TNF-α and IL-6 in diagnosis of autoimmune 

thyroid disease (AITD) in children. Autoimmunity, 47, 466–472. 

26.  Siddiqi A, Monson JP, Wood DF, Besser GM, Burrin JM (1999) Serum cytokines in 

thyrotoxicosis. J Clin Endocrinol Metab, 84, 435–439. 



15 

 

27.  Yokomori N, Iwasa Y, Aida K, Inoue M, Tawata M, Onaya T (1991) Transcriptional regulation 

of ferritin messenger ribonucleic acid levels by insulin in cultured rat glioma cells. 

Endocrinology, 128, 1474–1480. 

28.  Iwasa Y, Aida K, Yokomori N, Inoue M, Onaya T (1990) Transcriptional regulation of 

messenger RNA for ferritin heavy chain by thyrotropin. Biochem Int, 21, 473–480. 

29.  Leedman PJ, Stein AR, Chin WW, Rogers JT (1996) Thyroid hormone modulates the 

interaction between iron regulatory proteins and the ferritin mRNA iron-responsive element. J 

Biol Chem, 271, 12017–12023. 

30.  Piperno A, Mariani R, Trombini P, Girelli D (2009) Hepcidin modulation in human diseases: 

from research to clinic. World J Gastroenterol, 15, 538–551. 

31.  Wang W, Knovich MA, Coffman LG, Torti FM, Torti SV (2010) Serum Ferritin: Past, Present 

and Future. Biochim Biophys Acta, 1800, 760–769. 

32.  Galesloot TE, Vermeulen SH, Geurts-Moespot AJ, et al (2011) Serum hepcidin: reference 

ranges and biochemical correlates in the general population. Blood, 117, e218–225. 

33.  Yang Q, Jian J, Katz S, Abramson SB, Huang X (2012) 17β-Estradiol inhibits iron hormone 

hepcidin through an estrogen responsive element half-site. Endocrinology, 153, 3170–3178. 

34.  Lehtihet M, Bonde Y, Beckman L, Berinder K, Hoybye C, Rudling M, Sloan JH, Konrad RJ, 

Angelin B (2016) Circulating Hepcidin-25 Is Reduced by Endogenous Estrogen in Humans. 

PloS One, 11, e0148802. 

35.  Wiersinga WM (2013) Smoking and thyroid. Clin Endocrinol (Oxf), 79, 145–151. 

36.  Zil-a-Rubab null, Rahman MA (2006) Serum thiocyanate levels in smokers, passive smokers 

and never smokers. JPMA J Pak Med Assoc, 56, 323–326. 

37.  Steinmaus C, Miller MD, Cushing L, Blount BC, Smith AH (2013) Combined effects of 

perchlorate, thiocyanate, and iodine on thyroid function in the National Health and Nutrition 

Examination Survey 2007-08. Environ Res, 123, 17–24. 

38.  Mitchell ML, O’rourke ME (1960) Response of the thyroid gland to thiocyanate and 

thyrotropin. J Clin Endocrinol Metab, 20, 47–56. 

39.  Sepkovic DW, Haley NJ, Wynder EL (1984) Thyroid activity in cigarette smokers. Arch Intern 



16 

 

Med, 144, 501–503. 

40.  Soldin OP, Goughenour BE, Gilbert SZ, Landy HJ, Soldin SJ (2009) Thyroid hormone levels 

associated with active and passive cigarette smoking. Thyroid Off J Am Thyroid Assoc, 19, 817–

823. 

41.  Komiya I, Yamada T, Sato A, Kouki T, Nishimori T, Takasu N (2001) Remission and 

recurrence of hyperthyroid Graves’ disease during and after methimazole treatment when 

assessed by IgE and interleukin 13. J Clin Endocrinol Metab, 86, 3540–3544. 

42.  Okamoto Y, Tanigawa S-I, Ishikawa K, Hamada N (2006) TSH receptor antibody 

measurements and prediction of remission in Graves’ disease patients treated with minimum 

maintenance doses of antithyroid drugs. Endocr J, 53, 467–472. 

  



17 

 

Figure Legends 

Fig. 1. Change in serum ferritin levels between baseline (T0) and follow-up measurements (T1). 

 

 

Fig. 2. Change in serum hepcidinMS levels between baseline (T0) and follow-up measurement 

(T1). 

 

 

 

Fig 3. Change in fT4 (A) and fT3 (B) between baseline (T0) and follow-up measurements (T1), 

showing the difference between smokers and non-smokers. 

 

 

 

 

 

Fig. 4. Hepcidin mRNA expression in HepG2 cells stimulated with T3 versus control (Co). 

 

  

Interaction model adjusted for sex and age at baseline (time between measurements and 

smoking status were also considered). 

Interaction model adjusted for sex and age at baseline (time between measurements and 

smoking status were also considered). 

3 A: Test for interaction between time and smoking status (suggesting differences in the dynamics of 

the change according to smoking status): P = 0.011. ** P=0.016 (Wald test). 

3 B: Test for interaction between time and smoking status (suggesting differences in the dynamics of 

the change according to smoking status): P = 0.004. ** P=0.006 (Wald test). 

** P<0.01. 
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Table 1. Thyroid parameters, mediators of iron metabolism and inflammatory markers. 

Parameter 

[unit] 

Reference 

range 

n complete 

measure-

ment pairs 

(T0&T1) 

Baseline 

(T0) 

Follow-up 

(T1) 

P-value
1
 

 

TSH [mU/l] 
0.27-4.2 

 
31 

<0.01 

(0.01-0.01) 

[0.01-0.02] 

1.54 

(0.59-2.74) 

[0.01-6.11] 

<0.001 

fT4 [pmol/l] 12.0-22.0 31 

35.3 

(26.7-51.9) 

[12.3-100.1] 

13.8 

(11.1-15.0) 

[7.8-22.0] 

<0.001 

fT3 [pmol/l] 3.1-6.8 31 

13.8 

(9.0-23.1) 

[4.3-30.8] 

4.4 

(4.1-5.0) 

[2.6-6.7] 

<0.001 

TRAb [U/l] <1.8 31 
6.2 

(2.8-12.2) 

1.5 

(0.5-4.0) 
<0.001 

Plasma Iron 

[µmol/l) 

F: 6.6-26 

M: 11-28 
31 

16.8 

(9.2–21.9) 

19.1 

(16.3–23.3) 
0.143 

Transferrin 

[g/l] 
2.0-3.6 31 

2.3 

(2.1–2.5) 

2.6 

(2.4–2.8) 
0.002 

Transferrin 

Saturation 

[%] 

16-45 31 
30.3 

(20.3–42.0) 

31.8 

(23.5–38.3) 
0.7 

Soluble Tf-

receptor 

[mg/l] 

F: 1.9-4.4 

M: 2.2-5.0 
31 

2.4 

(2.1–2.9) 

2.7 

(2.2–3.4) 
0.138 

Ferritin 

[µg/l] 

 

F
2
: 23-160 

F
3
: 30-400 

M: 30-400 

31 

156.0 

(63–262) 

 

80.0 

(38–141) 

 

0.015 

HepcidinMS 

[nmol/l] 

 

F
2
: 0.4-9.2 

F
3
: 0.7-16.2 

M: 1.1-15.6 

 

25 
9.0 

(6.5–17.1) 

5.9 

(4.3–7.6) 
0.011 

HepcidinEL 

[ng/ml] 
4.69-300

4
 25 

185 

(108–277) 

 

115 

(63.75–178.5) 

 

0.0533 

hsCRP 

[mg/l) 
<5mg 31 

1.3 

(0.4–4.6) 

0.9 

(0.3–3.1) 
0.750 

PCT [µg/l] <0.1 31 
0.04 

(0.04–0.05) 

0.04 

(0.03–0.05) 
0.163 

IL-1β 

[pg/ml] 
0.0-3.9 30 

0.10 

(0.00–0.25) 

0.05 

(0.00–0.48) 
0.838 
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IL-6 [pg/ml] 0.0-3.1 30 
2.00 

(1.40–3.45) 

1.45 

(0.90–3.13) 
0.248 

TNF-α 

[pg/ml] 
0.0-6.3 30 

0.00 

(0.00–0.45) 

0.25 

(0.00–0.60) 
0.233 

 

Values expressed as median (IQR)¸ ([range] thyroid function tests)  

TSH: Thyroid-stimulating hormone 

fT4: Free T4 

fT3: Free T3 

TRAb: Thyroid receptor antibodies 

HepcidinMS: Hepcidin-25 determined by mass spectrometry 

HepcidinMS: Hepcidin determined by ELISA 

F: reference range for females 

M: reference range for males 

 
1
 Difference between baseline (T0) and follow-up (T1) by Wilcoxon signed-rank test 

2
 Reference range for females 18-50 years 

3
 Reference range for females >50 years 

4
 No gender-/age-specific reference ranges available  
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Table 2. Multivariable regression analyses. 

 

 
Ferritin [µg/l] HepcidinMS [nmol/l] 

 
univariable multivariable univariable multivariable 

Intercept 222.55 [142.10; 303.00] 205.80 [24.49; 387.11] 11.42 [8.42; 14.42] 18.32 [11.32; 25.32] 

Age at baseline 

(per year increase)  
4.36 [0.67; 8.04] 

  

Female sex 
 

-259.29 [-450.93; -67.65] 
 

-9.07 [-16.57; -1.58] 

Smoker 
    

Time between T0 and T1 
   

-1.50 [-3.16; 0.16] 

Change from T0 to T1 -107.39 [-155.83; -58.94] -217.67 [-344.81; -90.52] -4.86 [-7.40; -2.33] -8.35 [-12.99; -3.71] 

Interaction of T1 

and female sex1  
155.39 [24.97; 285.82] 

 
6.57 [1.21; 11.92] 

Interaction of T1 

and smoking2     

 

 
 

 
fT3 [pmol/l] fT4 [pmol/l] 

 
univariable multivariable univariable multivariable 

Intercept 16.09 [13.17; 19.02] 18.47 [14.29; 22.64] 41.55 [33.70; 49.39] 48.58 [37.47; 59.70] 

Age at baseline 

(per year increase)     

Female sex 
    

Smoker 
 

-6.14 [-11.11; -1.16] 
 

-18.18 [-31.15; -5.21] 

Time between T0 and T1 
    

Change from T0 to T1 -11.55 [-14.54; -8.56] -14.05 [-18.36; -9.75] -27.90 [-35.56; -20.25] -34.89 [-45.85; -23.94] 

Interaction of T1 

and female sex1     

Interaction of T1 

and smoking2  
6.47 [1.48; 11.47] 

 
18.06 [5.63; 30.49] 

 

Results [95% CI], printed in italic indicate p < 0.05  
1
 Difference in change between sexes  

2
 Difference in change between smokers and non-smokers
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Figures 

Figure 1

Figure 2 
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Figure 3a/3b
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Figure 4 

 

 

 

 


