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Obesity and iron deficiency (ID) are widespread health issues, with subclinical inflammation in obesity 
potentially contributing to ID through unclear mechanisms. The aim of the present work was to 
elucidate how obesity-associated inflammation disturb iron metabolism and to investigate the effect of 
intravenous (IV) iron supplementation on absolute iron deficient pre-obese (BMI 25.0–29.9 kg/m2) and 
obese (BMI > 30 kg/m2) individuals compared to healthy weight (HW) group (BMI 18.5–24.9 kg/m2). Iron-
related, hematological and inflammatory biomarkers along with erythropoietin (EPO) were studied based 
on body mass index (BMI) in a Spanish cohort of non-anemic participants (n = 721; 67% women; median 
age of 48 years [IQR: 39–57]) and in a subgroup of subjects (n = 110) with absolute ID (ferritin < 50 ng/mL) 
after completing an IV iron therapy. Obese group exhibited higher levels of ferritin, hemoglobin (Hb), 
soluble transferrin receptor (sTfR) and hepcidin compared to HW group. Elevated BMI was independently 
associated with increased sTfR levels. While no statistical differences were found in EPO among groups, 
obese showed increased levels that inversely correlated with Hb only in pre-obese and obese groups. 
IV iron therapy on obese participants had significant improvements on iron-related parameters and Hb 
levels. Notable obesity-associated disturbances in iron metabolism are described and indicate a mixed 
ID among both, women and men. These findings highlight the importance of tailored interventions to 
correctly address ID in obese population.
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CRP	� C-reactive protein
IL-6	� Interleukin-6
TNF-α	� Tumor necrosis factor-alpha
EPO	� Erythropoietin
IQR	� Interquartile ranges
MCH	� Mean corpuscular hemoglobin
MCHC	� Mean corpuscular hemoglobin concentration
MCV	� Mean corpuscular volume
IL-1β	� Interleukin 1β
IDA	� Iron deficiency anemia

Obesity and iron deficiency (ID) are global health problems affecting billions of people worldwide1,2. Many 
studies have concluded that overweight and obese people are in a state of ongoing subclinical inflammation due 
to the hypertrophy and dysfunction of adipose tissue. This tissue is an active endocrine organ, rather than merely 
a fat depot, whose alteration can secondarily lead to serious complications such as obstructive sleep apnea, 
malignancy, ischemic heart disease, diabetes, and others3,4. At the same time, ID is one of the comorbidities related 
to obesity, but the underlying mechanisms for obesity-associated ID remain unclear5–7. Different mechanisms 
are proposed to explain this association, and although its etiology is probably multifactorial, the most widely 
accepted explanation is that the exacerbated secretion of adipokines and proinflammatory cytokines such as IL-6 
induces the production of hepcidin, the main regulator of iron metabolism8. Hepcidin reduces iron export to 
plasma by decreasing intestinal absorption by acting as an inhibitor of the iron transporter ferroportin 1 in the 
duodenum and also diminishes iron release from erythrocyte-recycling macrophages9. However, a decrease in 
iron absorption, independent of hepcidin, has been described in a high-fat diet-induced obesity animal model10.

A relationship between obesity and ID likely exists in children and adolescents7,11. However, results appear 
more controversial in adults compared to adolescents, as reviews and meta-analysis in adults are limited by 
scarcity of available studies, significant heterogeneity, absence of consistent non-obese control groups, and 
frequently uncontrolled confounding variables (e.g. acute infection, menopausal status, oral contraceptive 
use, inclusion of both sexes without establishing differences in the same study, iron supplementation, obesity-
related comorbidities)12. Often, research focused on pre- and post-menopausal women and adult men is 
underrepresented13. Thus, a study revealed lower serum iron concentrations in overweight women but no 
disparities in males14. Furthermore, these limitations are exacerbated by the lack of standardization in diagnosing 
ID. This issue is particularly critical as obesity is linked to chronic low-grade inflammation, which can elevate 
ferritin, an acute phase protein and the conventional biomarker for absolute ID15. Therefore, using serum ferritin 
as an indicator of ID in this population is debated16,17. In such cases, alternative iron-related biomarkers in 
obesity, such as elevated soluble transferrin receptor (sTfR), the extracellular cleaved portion of the cellular 
receptor, which is unaffected by inflammation, may prove beneficial for ID assessment but needs evaluation in 
large cohorts17,18.

Hence, despite indications of a potential association between ID and obesity, research in adults that compares 
ID prevalence using alternative iron-related biomarkers such as sTfR across body mass index (BMI) categories, 
including severe obesity, gender, and age, remains limited. Furthermore, due to the potential alteration of iron 
absorption and biomarkers of iron metabolism caused by inflammation related to obesity, the effectiveness of 
treating ID with oral iron supplementation in obese individuals may be limited. However, there is insufficient 
evidence focused on alternative intravenous (IV) iron treatments in obese patients with proven ID.

Objectives
The aim of this study was to elucidate how obesity-associated inflammation might disturb iron metabolism in 
pre-obese and obese individuals spanning a wide age range, both women and men. Furthermore, we sought to 
investigate the effect of IV iron supplementation on absolute ID in pre-obese and obese individuals compared 
to those with a healthy weight.

Results
General characteristics of the study population
Baseline characteristics and soluble proinflammatory biomarkers across BMI categories of the 721 participants 
who fulfilled the inclusion criteria (Fig. 1) are presented in Table 1. The prevalence of women was significantly 
higher in the healthy weight individuals compared to pre-obese and obese groups, while the age was lower in 
healthy weight group. As expected, the levels of the inflammatory biomarkers, soluble CRP, TNF-α, IL-6, and 
sedimentation velocity, increased markedly as the BMI increased within the groups (Table 1).

Iron-related and haematological parameters by body mass index and sex
Figure 2 shows iron-related and hematological parameters that exhibit differences according to BMI. Specifically, 
the pre-obese and obese groups exhibited higher levels on ferritin, Hb, hepcidin, anisocytosis index, and sTfR 
levels compared to healthy weight group. Regarding ferritin values as indicators of absolute ID, 55%, 39%, and 
30% of healthy weight, pre-obese, and obese patients, respectively, had ferritin levels < 50 ng/ml. To evaluate 
the possible influence of sex, the participants were also categorized on women and men. Regarding those 
parameters, we observed marked differences based on sex, with increased levels of ferritin, Hb and hepcidin, 
and low levels of anisocytosis index in men compared to women (Fig. 2A–D). In the case of sTfR, we found no 
differences based on sex (Fig. 2E).

Figure 3 displays other traditional biomarkers of ID and hematological parameters that showed no significant 
differences when comparing the three BMI-categories (sideremia, transferrin, TfSI, mean corpuscular 
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hemoglobin (MCH), mean corpuscular hemoglobin concentration (MCHC) and mean corpuscular volume 
(MCV)), (Fig. 3A–F). However, marked differences were observed based on sex, with higher levels of sideremia, 
TfSI, MCH, and MCHC in men compared to women. Interestingly, for some of those parameters, BMI-dependent 
changes were observed only in the group of men, with a significant increase in sideremia and transferrin and 
a significant reduction in TfSI. In the case of MCV (Fig. 3F), a significant decreased in high BMI groups was 
observed only in men.

An in-depth study was conducted considering three categories within the obesity group, and most of the 
changes in the aforementioned variables were more pronounced for obesity class III (data not shown). However, 
it is worth noting that no differences were found in ferritin and Hb levels (Supplementary Fig. 1A–B) comparing 
obesity class III and healthy weight group. In addition, sideremia and TfSI (Supplementary Fig. 1C–D) were 
significantly lower in this obesity class III group compared to other categories.

Factors associated with soluble transferrin receptor levels (sTfR)
Hence, this study also examined the factors associated with high sTfR levels (Supplementary Table 1). In the 
multivariate adjusted logistic regression model, BMI [regression coefficients (confidence interval [CI 95%]), 
0.013 (0.006;  0.020), p < 0.001), Hb [0.047 (0.009; 0.084), p = 0.016], hepcidin [−  0.008 (−  0.014; −  0.002), 
p = 0.008], anisocytosis index [0.039 (0.014; 0.065), p = 0.002], sideremia [− 0.002 (− 0.003; − 0.001), p = 0.043] 
and transferrin [0.002 (0.002; 0.003), p < 0.001] remained significantly associated with high sTfR levels (Fig. 4).

p-value

Healthy Weight 
(n = 281)

Pre-obese 
(n = 236)

Obese

Healthy Weight 
vs Pre-obese

Pre-
obese vs 
Obese 
(all)

Healthy 
weight 
vs 
Obese 
(all)All (n = 204)

Obese subcategories

Class I (n = 135) Class II (n = 53)
Class III 
(n = 16)

Female, n (%) 224 (80) 142 (60) 121 (59) 80 (59) 29 (55) 16 (75)  < .001 .885  < .001

Age (years) 43 [34–51] 50.5 
[42–60] 51 [42–60] 51 [43–60] 50 [39.5–59.5] 56 [41–64]  < .001 .649  < .001

BMI (Kg/m2) 22.6 [21.3–23.9] 27.4 
[26.1–28.6] 33 [31.5–36.7] 31.8 [30.8–33.1] 37 [35.8–38.1] 43.3 [42.2–44.8]  < .001  < .001  < .001

CRP (mg/L) 1.1 [0.6–2.1] a 2.1 [1–3.6] 
d 3.1 [1.7–6.5] g 2.7 [1.4–4.4] k 4.5 [2.4–7.8] o 6 [3.7–9.2] s  < .001  < .001  < .001

TNF-α (pg/ml) 6.6 [5.2–8.6] b 7.3 
[5.9–9.5] e 7.9 [6.3–9.7] h 7.9 [6.3–9.7] l 7.8 [6–9.7] p 8.3 [7.2–16.2] t .021 .430 .007

IL-6 (pg/ml) 2.2 [2–3.6] c 2.8 [2–5.3] e 3.4 [2.2–7.2] i 3 [2–5.8] m 3.3 [2.2–5.7] q 8.4 [3.8–21.3] t .042 .109  < .001

Sedimentation 
velocity (mm/h) 7 [5–12.5] a 9 [6–14.5] f 12 [7–19] j 10 [6–18] n 13 [7.2–21.75] r 14 [5–29.5] u .046 .002  < .001

Table 1.  General characteristics and inflammatory biomarkers across BMI categories. 
a, b, c, d, e, f, g, h, i, j, k, l, m, n, o, p, q, r, s, t, u Data available for 245, 96, 105, 211, 93, 209, 182, 90, 103, 179, 119, 57, 67, 
118, 49, 27, 30, 48, 14, 6 and 13 participants, respectively. BMI categories: healthy weight (18.5–24.9 kg/m2), 
pre-obese (25.0–29.9 kg/m2), obesity class I (30–34.9 kg/m2), obesity class II (35–39.9 kg/m2) and obesity 
class III (≥ 40 kg/m2). Abbreviations: BMI, body mass index; CRP, C-reactive protein. Continuous variables 
are expressed as the medians and interquartile ranges [IQR]. Categorical variables are expressed as numbers 
and percentages. Mann–Whitney test and chi-square test were used for comparisons between continuous and 
categorical variables, respectively. Significant values are in [bold].

 

Fig. 1.  Flow chart of the participants selection. BMI, body mass index.
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Erythropoietin correlations with iron-related and hematological biomarkers among BMI 
categories
In order to evaluate the possible influence of BMI on erythropoiesis, EPO was measured in a subgroup of 76 
participants. General characteristics of this group are presented in Supplementary Table 2. The obese group 
showed increased levels of EPO compared to healthy weight group despite no statistical significance, and 
women exhibited significantly higher levels compared to men (Fig. 5A). EPO levels showed strong correlations 
with iron-related biomarkers such as ferritin, Hb, sideremia, TfSI, MCH and MCV in the overall participants 
(Fig. 5B). However, interestingly, upon sub-analysis repeating the correlations stratified by BMI categories, the 
correlations with sideremia, TfSI, MCH and MCV remained significant only in healthy weight group, while the 
inverse correlation with Hb was only maintained in pre-obese and obese individuals (Fig. 5C). The correlation 
between EPO and with ferritin was significant in all three groups. We also examined the factors associated with 
high EPO levels, and in the multivariate logistic regression model after adjustment by sex, age, BMI, CRP, Hb and 
hepcidin, only BMI [regression coefficient (confidence interval [CI 95%]), 0.281 (0.002; 0.395), p = 0.048] and 
Hb [− 0.427 (− 2.957; − 0.624), p = 0.004] remained independently associated with EPO levels (Supplementary 
table 3).

Changes in hamatological and iron related parameters after IV iron therapy across BMI 
categories
Of all screened participants, 110 with absolute ID (ferritin < 50 ng/ml) received a complete treatment of IV iron 
infusion and had registered baseline and final hematological and iron-related data. Baseline characteristics of 
these participants by BMI category are presented in Supplementary Table 1, and the majority were women. All 
iron-related variables drastically changed independently of BMI with the exception of Hb, that increased in the 
pre-obese and obese, but not in healthy weight group (Fig. 6). In more detail, despite no differences in basal 
ferritin and Hb levels, after IV treatment, the obese group exhibited lower ferritin concentration and fold change, 
and higher Hb concentration and fold change compared to the healthy-weight group (Fig. 6A–B). Similarly, in 
the case of sTfR, the levels in the pre-obese and obese groups remained higher than those in the healthy-weight 
group even after treatment, while no differences were observed in the sTfR fold change (Fig. 6C). For sideremia, 
transferrin, and TfSI, the marked basal differences in the levels among BMI categories remained after treatment 
(Fig. 6D–F).

Regarding the set of hematological variables and hepcidin (Supplementary Fig. 1), in all categories there was 
a significant increase after IV treatment in the levels of HCM, MCV, and hepcidin, although the final levels after 
IV treatment between categories were not different. On the contrary, the observed increase in the anisocytosis 

Fig. 2.  Inflammatory and iron-related parameters by body mass index category and sex. Bars show the median 
and interquartile range of serum ferritin (A), Hb (B), hepcidin (C), anisocytosis index (D) and sTfR (E) based 
on body mass index categories and sex. Women and men are indicated in purple and blue dots, respectively. 
BMI categories: healthy weight (18.5–24.9 kg/m2), pre-obese (25.0–29.9 kg/m2), obese (≥ 30–34.9 kg/m2). The 
yellow shading in A indicates the range of ferritin values < 50 ng/ml, threshold for absolute iron deficiency. 
Hb, hemoglobin; sTfR, soluble transferrin receptor. Differences between categories were determined using 
Mann–Whitney U-test. Only comparisons with p-value < 0.1 are indicated. Ө 0.1 > p-value ≥ 0.05; *0.01 ≤ p-
value < 0.05; **0.001 ≤ p-value < 0.01; ***0.0001 ≤ p-value < 0.001; **** p-value < 0.0001.
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index at the final time-point showed significantly higher levels for the pre-obese and obese groups compared to 
the healthy-weight group.

Discussion
In the present study, we conducted an analysis using data from a large population-based cross-sectional 
representative dataset from a Spanish cohort, comparing iron status biomarkers among non-anemic women 
and men aged 16–92 years. Overall, Hb and sTfR levels were higher in the obese group compared to healthy 
weight individuals of both genders, and high BMI was independently associated with elevated levels of the 

Fig. 4.  Association of factors with increased sTfR levels. Statistics: data were calculated by univariate (left) 
and multivariate (right) logistic regression model after adjustment and by Stepwise methods. sTfR, soluble 
transferrin receptor; Hb, hemoglobin; BMI, body mass index; 95% CI, 95% of confidence interval; p-value, 
level of significance.

 

Fig. 3.  Iron-related and hematological parameters by body mass index category and sex. Bars show the 
median and interquartile range of sideremia (A), transferrin (B), TfSI (C), MCH (D), MCHC (E) and MCV 
(F) based on body mass index categories and sex. BMI categories: healthy weight (18.5–24.9 kg/m2), pre-obese 
(25.0–29.9 kg/m2), obesity (≥ 30–34.9 kg/m2). TfSI, transferrin saturation index; MCH, mean corpuscular 
hemoglobin; MCHC, mean corpuscular hemoglobin concentration; MCV, mean corpuscular volume. Women 
and men are indicated in purple and blue dots, respectively. Differences between categories were determined 
using Mann–Whitney U-test. Only comparisons with p-value < 0.1 are indicated. Ө 0.1 > p-value ≥ 0.05; 
*0.01 ≤ p-value < 0.05; **0.001 ≤ p-value < 0.01; ***0.0001 ≤ p-value < 0.001; **** p-value < 0.0001.
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iron deficiency-related biomarker sTfR. In addition, we demonstrated marked differences in iron metabolism 
between obese women and men, with a predominance of mixed ID (absolute coupled with functional ID) in both 
sexes. Furthermore, we showed that obese patients undergoing IV iron therapy restored their iron metabolism, 
with a notable increase in Hb levels compared to healthy weight participants.

Increased adipocyte mass is the traditional hallmark of obesity. However, functional alterations in obese 
adipose tissue are equally crucial. This tissue acts as an active endocrine organ, exhibiting exacerbated production 
of CRP and pro-inflammatory cytokines like IL-6 and TNF-α, sustaining a state of low-grade systemic 
inflammation19,20, along with elevated hepcidin levels which account for reduced dietary iron absorption 
through diminished enterocyte iron uptake12,21. This aligns with the soluble proinflammatory profile observed 
in our pre-obese and obese patients compared to the healthy weight group. Our finding of high serum ferritin 
concentration (also an acute phase reactant) in participants with obesity is consistent with prior studies indicating 
that this iron-related biomarker, reflecting stored iron, significantly rises as BMI increases12,13. Our results also 
support those prior reports where lower sideremia and TfSI characterize obese subjects. While serum ferritin 
is conventionally used as the best indicator for detecting absolute ID, in conditions involving inflammatory 
processes such as obesity, sTfR stands as the most valuable indicator for assessing ID17,22, holding an inverse 
relationship with the magnitude of iron stores obtained through bone marrow aspiration measurement18,23, 
we identified dysregulation in both women and men and observed pronounced sex-dependent variations in 
many markers. For the first time, we identified in an adjusted multivariate logistic regression that high sTfR 
levels remained independently associated with BMI, reinforcing the potential of sTfR as an ID biomarker in this 
population.

In addition to the inhibitory role of hepcidin on iron absorption, elevated hepcidin and inflammatory 
cytokines contribute to iron sequestration in macrophages, reducing iron recycling, sideremia, and iron 
availability for erythropoiesis despite normal body iron stores. This situation in which iron is hardly mobilized 

Fig. 5.  Erythropoietin levels among BMI, sex and correlations with iron-related and hematological 
biomarkers. Bars show the median and interquartile range of erythropoietin based on body mass index 
categories and sex (A). Heat map showing the correlations between erythropoietin levels and iron-related and 
hematological variables in all participants and among body mass index categories (B). Detailed correlations 
between erythropoietin levels and hemoglobin among body mass index categories (C). EPO, erythropoietin; 
Hb, hemoglobin; sTfR, soluble transferrin receptor; TfSI, transferrin saturation index; MCH, mean corpuscular 
hemoglobin; MCHC, mean corpuscular hemoglobin concentration; MCV, mean corpuscular volume. 
Differences between body mass index categories and women and men were determined using Mann–Whitney 
U-test. The Spearman rho correlation coefficient test was used. Only comparisons with p-value < 0.1 are 
indicated. Ө 0.1 > p-value ≥ 0.05; *0.01 ≤ p-value < 0.05; **0.001 ≤ p-value < 0.01; ***0.0001 ≤ p-value < 0.001; **** 
p-value < 0.0001.
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from stores to the circulation and erythropoietic tissue in response to chronic inflammation and elevated 
hepcidin levels is called “functional” ID24,25. In our study, the high hepcidin levels observed characterize the pre-
obese and obese subjects, mainly in men. Consequently, we could define a profile of mixed ID in those patients 
due to the coexistence of both absolute and functional ID. Interestingly, Rodríguez-Mortera et al. demonstrated 
that hepcidin elevation in adolescents with obesity is linked more to inflammation and metabolic disturbances, 
including dyslipidemia and insulin resistance, than to iron metabolism itself26. This is in line with our findings, 
where high hepcidin levels in obese patients could be indicative of a similar inflammatory-driven dysregulation 
in iron metabolism rather than an isolated absolute ID. Some authors highlighted the influence of estrogen 
hormones in inhibiting hepcidin, a possible mechanism to compensate iron loss during menstruation that could 
explain the markedly low hepcidin levels observed in women compared to men regardless of BMI27.

Fig. 6.  Changes in iron related levels before and after intravenous iron sucrose infusion by body mass index 
category. Bars show the median and interquartile range of serum ferritin (A), Hb (B), sTfR (C), transferrin 
(E), TfSI (F) and sideremia (G) before (baseline time-point, B) and after (final time-point, F) intravenous iron 
sucrose infusion and the respective fold change per BMI category. Body mass index categories: healthy weight 
(18.5–24.9 kg/m2), pre-obese (25.0–29.9 kg/m2), obese (≥ 30–34.9 kg/m2). HW, healthy weight; B, baseline 
time-point; F, final time-point; Hb, hemoglobin; sTfR, soluble transferrin receptor and TfSI, transferrin 
saturation index. Differences between paired time-points were determined using Wilcoxon signed rant test 
and differences between BMI categories were determined using Mann–Whitney U-test. Only comparisons 
with p-value < 0.1 are indicated. Ө 0.1 > p-value ≥ 0.05; *0.01 ≤ p-value < 0.05; **0.001 ≤ p-value < 0.01; 
***0.0001 ≤ p-value < 0.001; **** p-value < 0.0001.
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Iron is indispensable to support crucial biological processes, including Hb synthesis during erythropoiesis, 
facilitating efficient oxygen transportation28,29. Therefore, coordinated regulation between the physiology of 
hypoxic response and the control of iron availability is necessary. In parallel with hepcidin regulation, another 
potential mechanism in obesity (Fig. 7) involves tissue hypoxia caused by the accumulation of adipose tissue, 
requiring elevated levels of Hb for effective oxygen distribution, and restrictive ventilatory insufficiency as a result 
of compromised chest mobility during breathing. This, coupled with potential episodes of sleep apnea, further 
exacerbates tissue hypoxia, and the high demand for oxygen would explain the elevated Hb levels observed in 
pre-obese and obese participants. In addition, hypoxia stimulates the production of EPO, primarily synthesized 
in the kidney. EPO is released by peritubular capillary cells in response to hypoxia, leading to increased 
erythropoiesis and the production of more Hb, which transports oxygen to tissues. Its role in adipose tissue 
during obesity-induced inflammation has been extensively studied using in vitro and in vivo model systems30. 

Fig. 7.  Current understanding of links between obesity and iron deficiency. Obesity is marked by persistent 
systemic inflammation and increased production of pro-inflammatory cytokines and adipokines in adipose 
tissue. This directly impacts iron absorption from the duodenum enterocytes by inhibiting the iron transporter 
ferroportin 1, regulated by hepcidin. Moreover, pro-inflammatory cytokines like IL-6 act as powerful inducers 
of hepcidin in the liver, which may further impair iron absorption. Both, cytokines and hepcidin contribute to 
iron sequestration in macrophages, reducing iron recycling, sideremia, and iron availability for erythropoiesis. 
In obese conditions, compromised chest mobility during breathing causes restrictive ventilatory insufficiency 
which, along with potential episodes of sleep apnea, contribute to tissue hypoxia, another potential mechanism 
contributing to ID in obesity. These hypoxic conditions activate the hypoxia-inducible factor 1 pathway that 
induces the production of the hormone erythropoietin, primarily in the kidney, stimulating erythropoiesis 
in the bone marrow, leading to elevated circulating hemoglobin levels. This process demands a substantial 
amount of iron for hemoglobin synthesis, resulting in reduced availability. These combined factors result 
in an absolute and functional ID (mixed), reflected in low sideremia, TfSI and high sTfR as primary soluble 
biomarkers in serum. CRP, C-reactive protein; hypoxia-inducible factor 1, HIF-1; EPO, erythropoietin; TfSI, 
transferrin saturation index; sTfR, soluble transferrin receptor.
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EPO has been studied for the first time in this work within the context of obesity and iron metabolism. Elevated 
EPO demand in obese individuals, as a consequence of tissue hypoxia, could drive increased erythropoiesis, 
resulting in the elevation of Hb levels within this group. As systemic inflammation, including proinflammatory 
cytokines such as TNF-α and interleukin 1β (IL-1β), inhibits the production of EPO31,32, this could explain the 
slight increase in observed EPO levels in the obese group and the consequent lack of statistical significance. 
However, the multivariate adjusted analysis showed a strong association between EPO and BMI. Interestingly, 
in healthy weight individuals, EPO correlated with iron metabolism parameters (sTfR, transferrin, TfSI), as 
erythropoiesis is typically triggered by ID. However, in pre-obese and obese individuals, EPO appears to deviate 
from a mere association with ID. This deviation may be attributed to inflammation disrupting iron metabolism, 
and it no longer serves as a “switch” to activate erythropoiesis. Instead, in these groups, the need for tissue 
oxygen/Hb is evident and emerges as a more direct determinant for erythropoiesis, with probably insufficient 
Hb levels triggering EPO production. This shift is absent in healthy weight individuals, where EPO can directly 
detect ID, and there is no extra demand for tissue oxygen. This hypothesis gains support from the stronger 
inverse correlation observed between EPO and ferritin in healthy weight individuals compared to obese ones, 
likely due to inflammation-induced ferritin elevation in obesity. Consequently, it is noteworthy that the inverse 
correlation between EPO and hepcidin is also stronger in the healthy weight group than in pre-obese and obese 
ones. Moreover, this correlation weakens progressively in pre-obese individuals and inverts in obese individuals. 
Collectively, these findings suggest a primary level regulation of erythropoiesis in healthy weight individuals, 
where ID acts as a signal to activate erythropoiesis, preventing potential tissue oxygen deficiency. Conversely, 
in obesity, erythropoiesis appears to be directly linked to Hb levels, representing a secondary tier of regulation 
possibly influenced by impaired iron metabolism or heightened tissue oxygen demand.

Given that ID can progress to ID anemia (IDA), one may expect to see an association between obesity and 
IDA. In our study, we attempted to mitigate the potential confounding role of anemia by including only non-
anemic subjects, and we observed high Hb levels in the overall obese cohort, both in women and men, but 
with notably higher levels in men. However, it is worth noting that the segregated sub-analysis of the extreme 
type III obese group, despite the relatively low number of patients, showed no differences in Hb concentration 
compared to the healthy weight group, suggesting that Hb production may reach a maximum threshold due to 
lack of available iron. Additionally, the high Hb levels observed in obese individuals reinforce studies, including 
ours, which emphasized the unacceptably low sensitivity of Hb-based screening for detecting ID, thereby 
underestimating the prevalence of ID not only in obesity but also in the general population33,34.

The conventional method for treating ID is through oral iron supplement. However, due to the diminished 
iron absorption associated with elevated serum hepcidin in obese participants35,36, supplementation with IV iron 
may be a viable alternative to oral administration. Despite limited reports in the context of obesity, improved 
iron status after IV therapy was documented in patients with type 2 diabetes37, and our group demonstrated 
short-term efficacy independent of BMI in a different cohort of global population, possible because the majority 
of individuals had a BMI < 30 kg/m2 2,38. Nevertheless, as far as we know, this is the first study restricted to non-
anemic patients with a high prevalence and grade of obesity who had absolute ID (ferritin < 50 ng/mL), with or 
without a functional component. In addition to confirming the effectiveness of short-term IV treatment with a 
comprehensive set of biomarkers of iron-related metabolism, we observed a significant increase in Hb in obese 
individuals compared to the other groups. This finding reinforces our hypothesis of an early iron requirement 
for tissue oxygen distribution, suggesting that administered iron may primarily serve to supply oxygen to tissues 
via increased Hb production and may lead to decreased iron availability over time. Despite IV administration 
bypassing the inhibitory effect of hepcidin on absorption, high levels of hepcidin are still acting at other levels, 
such as inhibiting iron recycling at the macrophage level, and absolute ID may manifest in later stages due to 
decreased iron absorption signaled by high hepcidin levels. However, we were unable to assess the long-term 
evolution or recurrence. To date, weight loss remains the preferred approach, as it has been reported to reduce 
altered levels of pro-inflammatory cytokines, potentially leading to reduced hepcidin release, improved iron 
homeostasis, and a positive effect on low-grade chronic inflammation and related chronic diseases commonly 
seen in individuals with overweight and obesity8,39,40.

It is important to highlight that among the limitations of previous studies, gender emerged as a primary 
confounding factor, with most studies predominantly focusing on premenopausal women. In contrast, our 
study is notable for its comprehensive design, and analysis, not only encompassing women but also men, and 
spanning a broad age range in both cohorts. Other limitations are its single-center design, which may impact its 
generalizability and the lack of information regarding other metabolic markers, such as insulin levels and altered 
lipid profiles, which are also related to obesity and iron metabolism.

Conclusions
Our findings reveal notable obesity-associated disturbances of iron metabolism, with higher levels of Hb, sTfR, 
and hepcidin in pre-obese and obese groups compared to healthy weight individuals of both genders. Together 
with the inflammatory status in this population, this indicates a predominant mixed ID profile characterized by 
both absolute and functional ID. Moreover, the inter-regulation between iron metabolism and erythropoiesis 
seems to be dysregulated in obese subjects. IV iron therapy in obese participants had significant short-term 
improvements in iron metabolism and Hb levels. These findings contribute to a better understanding of iron 
metabolism in obesity and underscore the importance of tailored interventions to correctly address ID in this 
population.
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Material and methods
Participants and study design
All the methods were carried out in accordance with relevant standards and regulations, as outlined in the 
Declaration of Helsinki and approved by the local Ethical Committee from Virgen Macarena and Virgen del 
Rocio University Hospitals (code: 0465-N-22; acta CEI_03/2022). The study employed a two-part design: (1) a 
retrospective observational analysis of individuals who consecutively visited the Hospital Viamed Santa Ángela 
de la Cruz in Seville, Spain, as outpatients between April 1, 2020, and January 4, 2024, and whose doctor requested 
an iron metabolism study in their blood tests as part of routine clinical management (ViaIron cohort)38, and (2) 
a retrospective longitudinal subanalysis, where participants who received IV iron supplementation as part of 
their clinical care were followed during the intervention and post-treatment period. The exclusion criteria for 
this study were anemia (defined by the World Health Organization as hemoglobin [Hb] concentration lower 
than or equal to 12 and 13 g/dL for women and men, respectively), active neoplasia, age lower than 16 years old, 
BMI lower than 18.5 kg/m2, pregnancy, breastfeeding, hospitalization, and recent iron supplementation (Fig. 1).

Patients were categorized into three groups based on BMI: normal or healthy weight (< 24.9  kg/m2), 
overweight or pre-obese (25–29.9  kg/m2), or obese, which includes three subcategories: obesity class I (30–
34.9 kg/m2), obesity class II (35–39.9 kg/m2), and obesity class III, also referred to as severe, extreme, or massive 
obesity (≥ 40 kg/m2)41.

Intervention with IV iron therapy
As part of routine clinical management, a subgroup of participants received and completed an IV iron 
supplementation therapy (n = 110). This subgroup consisted of non-anemic participants with serum ferritin 
levels < 50 ng/ml, indicative of absolute ID33,42, who received five IV standard doses of 200 ml of generic iron (III)-
hydroxy sucrose, Feriv®, dissolved in 500 cc of saline solution and administered once a week for five consecutive 
weeks. The treatment’s final response was evaluated between 7 and 10  days after treatment completion. A 
detailed description of the study design and treatment efficacy in real-world settings can be found in Tarancon-
Diez et al.38. Throughout the treatment protocol, no additional iron supplements, blood transfusions, or 
erythropoiesis-stimulating agents were allowed. To analyze changes in iron metabolism biomarkers following 
IV iron supplementation, participants who completed the protocol were also categorized according to their BMI 
as previously defined in the current methodology section.

Laboratory methods
Iron-related and hematological parameters, as well as inflammatory biomarkers, were measured after overnight 
fasting using standardized techniques at the Laboratory Service of Hospital Viamed Santa Ángela de la Cruz as 
described in previous works33,43. Briefly, total serum iron (sideremia), transferrin, and sTfR were measured by 
photometry, and ferritin by means of the particle-enhanced immunoturbidimetric assay in a Hitachi Cobas 
C702 modular analyzer (Roche Diagnostics, Rotkreuz, Switzerland). The transferrin saturation index (TfSI) was 
estimated as total plasma iron (μg/dL) × 100/transferrin (mg/dL) × 1.27. Plasma hepcidin was determined by ELISA 
(Hepcidin25 HS ELISA, DRG), C-reactive protein (CRP) was determined in serum by photometry using Cobas 
701 (Roche Diagnostics, Mannheim, Germany), and interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-α) 
were measured using an Immulite 2000 Siemens and Immulite One Siemens, respectively (Siemens Healthcare 
Diagnostics, Siemens AG, Munich, Germany), according to the manufacturer’s instructions. Erythropoietin (EPO) 
was measured using an automatic Xpi Immulite 2000 analyzer (Siemens Healthcare Diagnostics, Siemens AG) 
according to the manufacturer’s instructions.

Statistical analysis
Continuous variables were expressed as medians and interquartile ranges [IQR], and categorical variables 
were expressed as the number of subjects and percentage (%). Non-parametric tests were performed after the 
Kolmogorov–Smirnov test, which confirmed that the variables did not follow a normal distribution. Group 
differences between categorical and continuous values were determined using the Chi-square test and the 
Mann–Whitney U-test, respectively. Correlations between variables were assessed using the Spearman rank test. 
For the analysis of changes in hematological and iron-related parameters after IV iron therapy, the fold-change 
of the variation during the intervention (final minus baseline time point) of each biomarker was calculated, 
and differences between both time points were determined using the Wilcoxon signed-rank test. A multivariate 
logistic regression model using the stepwise method was used to determine the factors associated with increased 
levels of sTfR and EPO. p-values < 0.05 were considered statistically significant. The Statistical Package for the 
Social Sciences software (SPSS 20.0, Chicago, IL, USA) and GraphPad Prism 9.0 (GraphPad Software, Inc., San 
Diego, CA, USA) were used for the statistical analysis and generation of graphs.

Data availability
Main datasets supporting the conclusions of this article are included within the article and its additional files. 
The datasets generated during and/or analysed during the current study are available from the corresponding 
author on reasonable request.
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