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Abstract

Non-Tf-bound iron (NTBI), which appears in serum in iron overload, is thought to contribute to organ

damage; the monitoring of serum NTBI levels may therefore be clinically useful in iron overloaded

patients. However, NTBI quantification methods remain complex, limiting their use in clinical practice.

To overcome the technical difficulties often encountered, we recently developed a novel automated NTBI

guantification system capable of measuring large numbers of samples. In the present study, we

investigated the in vivo behavior of NTBI in human and animal serum using this newly established

automated system. Average NTBI in healthy volunteers was 0.44 + 0.076 uM (median: 0.45 uM, range:

0.28-0.66 uM), with no significant difference between sexes. Additionally, serum NTBI rapidly

increased after iron loading, followed by a sudden disappearance. NTBI levels also decreased in

inflammation. The results indicate that NTBI is a unique marker of iron metabolism, unlike other markers

of iron metabolism, such as serum ferritin. Our new automated NTBI quantification method may help to

reveal the clinical significance of NTBI and contribute to our understanding of iron overload.
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Introduction

Iron is an essential metal in the body, but in excess, accumulates in body organs, causing organ
damage through free radical production. Systemic iron homeostasis is therefore usually tightly regulated,
however in conditions such as prolonged transfusion, iron overload may occur [1, 2].

Iron absorbed into the gastrointestinal tract is transported in the blood stream bound to
transferrin (Tf), whereby approximately 30% of Tf-binding sites are saturated with iron. However,
Tf-binding sites become fully saturated in iron overload, and free unbound iron called non-Tf-bound iron
(NTBI), appears in serum. lron overload damages various body organs, and because NTBI, which is
easily absorbed, is thought to contribute to those damages, monitoring serum NTBI levels may be crucial
in assessing clinical markers in patients with iron overload [3].

Recent studies demonstrate that serum NTBI or its redox active fraction, labile plasma iron
(LPI), is elevated in pathological conditions such as in end stage renal disease patients on hemodialysis,
patients with myelodysplastic syndrome (MDS) receiving transfusion, acute leukemia patients receiving
chemotherapy, patients after hematopoietic cell transplantation and hereditary hemochromatosis patients
[4-10], demonstrating that NTBI likely contributes to disease progression in these patients. Measuring
serum NTBI may therefore be useful in evaluating, and monitoring the risk of iron toxicity in patients
[11]. In most of the above-mentioned studies however, NTBI measurement was only carried out in a
limited number of specimens, mainly because of the expensive and complex nature of NTBI
quantification methods, and explains why to date, no documented reports of NTBI evaluation in a larger
patient population are available.

To overcome the technical difficulties often encountered, and to make the NTBI quantification
process more convenient, we established a novel automated NTBI quantification method that will be
useful in diagnostic testing in clinical laboratories [12]. This method employs a completely automated

system that is also capable of measuring a large number of samples. We confirmed that this system is
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fully compatible with previously established methods, such as high-performance liquid chromatography
and atomic absorption spectroscopy-based assays. In the present study, we investigated the in vivo

behavior of NTBI using our automated quantification system to introduce the method to clinical practice.
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Materials and Methods

Human serum samples

Human serum samples, obtained from 41 healthy volunteers and 116 patients receiving treatment

at the Asahikawa Medical University, were collected from November 2012 to January 2014. The study

protocol was approved by the Ethical Committee of the Asahikawa Medical University, and all study

subjects provided informed consent. Average age of the healthy volunteers was 34.4 years (range, 20-58

years), which included 16 males and 25 females. Average age of the patients was 60.8 years (range,

16-86 years), which included 60 males and 56 females. Diagnosis of the 116 patients showed malignant

lymphoma (ML; n=34), acute myeloid leukemia (AML; n=11), myelodysplastic syndromes (MDS;

n=10), multiple myeloma (MM; n=10), malignant tumors in digestive organs (n=15), chronic myeloid

leukemia (CML; n=7), myeloproliferative neoplasms (MPN; n=4), Crohn’s disease (CD; n=3) and

others (n=22). The other group included iron deficiency anemia (n=2), idiopathic thrombocytopenic

purpura (n=2), pure red cell aplasia (n=2), liver cirrhosis (n=2), iron overload (n=2), non-alcoholic

steatohepatitis (n=1), liver abscess (n=1), paroxysmal nocturnal hemoglobinuria (n=1), rheumatoid

arthritis (n=1), Hodgkin lymphoma (n=1), hemophagocytic syndrome (n=1), secondary polycythemia

(n=1), donor for hematopoietic stem cell transplantation (n=1), macroglobulinemia (n=1), acute

lymphocytic leukemia (n=1), neuroendocrine tumor (n=1), and cancer of unknown primary (n=1). Of

the 116 patients, 14 received either autologous or allogeneic hematopoietic stem cells transplantations.

Hemoglobin (Hb) concentration, aspartate transaminase (AST), alanine transaminase (ALT), serum
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creatinine, C-reactive protein (CRP), albumin and serum ferritin levels in the healthy volunteers were

determined, and in the patient subjects, data from patient records were utilized (Table 1). Serum iron

(sFe) and unsaturated iron binding capacity (UIBC) were quantified using commercial kits (QuickAuto

Neo Fe and QuickAuto Neo UIBC, Shino-test, Tokyo, Japan) and transferrin saturation (%) was

calculated using the following formula: sFe / (sFe + UIBC) x 100. The serum samples were kept frozen

at -20°C until NTBI quantification. The frozen samples were thawed at 37 °C until no solid particles

were visible, and then chilled on ice.

Determination of NTBI in mice and rat serum

20-week-old C57BL/6 male mice (Charles River Laboratories Japan, Yokohama, Japan) were

randomly placed into 3 groups (control, Fe 5 mg, Fe 50 mg) with each group composed of 5 mice.

Physiological saline, 1 mg/head/day of iron-dextran (Sigma-Aldrich, St. Louis, MO) and 10 mg/head/day

of iron-dextran were intraperitoneally injected into the mice in the respective study groups for 5 days.

Serum samples were collected from the mice 2 days after the last treatment.

17-week-old Wister rats (Charles River Laboratories Japan, Yokohama, Japan) were randomly

placed into 2 groups (control and iron sucrose), with each group composed of 3 rats. Serum samples were

collected before and after they received intravenous injections of physiological saline and iron sucrose

(Fesin; Nichiiko, Tokyo, Japan) in 10 mg/kg doses; Serum samples were collected from each rat before

and at 1, 3 and 6 hours after injections.
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8-week- old Wister rats (Charles River Laboratories Japan, Yokohama, Japan) were randomly

placed into 4 groups (control, iron, lipopolysaccharide (LPS), iron + LPS) with 3 animals in each group.

Physiological saline and iron citrate (Ferromia; Eisai, Tokyo, Japan) were orally administered in doses of

2 mg/kg to the mice in the control and iron groups respectively. To evaluate the effect of inflammation on

serum NTBI concentration, 2.5 mg/kg of LPS (E. coli 026; Wako, Osaka, Japan) was intraperitoneally

injected into the mice in the LPS group. The LPS-treated rats were further administered with iron citrate

as described above (iron + LPS group). Serum samples were collected from each rat before and at 1, 3

and 6 hours after treatment.

All experimental procedures were approved by the animal experiments committee of the

Asahikawa Medical University (Hokkaido, Japan) based on guidelines for the protection of animals.

Statistical Analysis

Normal distribution variables are presented as mean + SD, whereas skewed distribution variables

are presented as median. For variables that deviated from the normal distribution, the Mann-Whitney U

test was used. Student paired t-test was performed for normal distribution variables. r > 0.4 was

considered as a significant correlation. P values < 0.05 were considered to be statistically significant.
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Results

NTBI in healthy volunteers and patients

Average NTBI in healthy volunteers was 0.44 + 0.076 uM (median: 0.45 uM, range: 0.28-0.66

uM); 0.45 £ 0.078 uM in males (n=16) and 0.43 + 0.075 uM in females (n=25), with no statistical

difference between the sexes (p = 0.371). Median NTBI in the patient group was 0.38 uM (range:

0.02-2.72 uM), slightly below that in healthy volunteers with statistical significance (p=0.0144) (Fig. 1A).

In the patient group, median NTBI was 0.39 uM (range: 0.02-2.72) in males and 0.38 uM (range:

0.02-2.33) in females with no statistical difference observe between the groups. 2 patients in the patient

group showed elevated NTBI level; these patients had a transfusion history of receiving more than 10

units of packed red blood cells. Among the individual patient groups, median NTBI levels in ML

(median: 0.36 uM, range: 0.02-0.73 uM) and MM (median: 0.38 uM, range: 0.23-0.73 uM) showed

statistically significant decreases compared to that in healthy volunteers: p = 0.0273 and p = 0.0265,

respectively (Fig. 1B). No substantial within-day variation was observed in 3 healthy individuals (Fig. 2).

The relationship between NTBI and hemoglobin and biochemical markers such as AST, ALT,

serum creatinine, and albumin showed no statistically significant correlations in the patient group. A

slightly positive correlation was observed between sFe and NTBI (Fig. 3A), whereas no significant

correlation was observed between serum ferritin levels and NTBI (Fig. 3B).
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Because CRP>0.3 mg/dL is a positive indicator for inflammation, median NTBI levels were

compared with CRP-positive and -negative groups. NTBI levels and sFe were significantly decreased in

inflammation (Fig. 4A, 4C). Conversely, median serum ferritin levels in the CRP-positive group were

significantly increased compared to that in the CRP-negative group (Fig. 4B).

NTBI in iron-overloaded mice

Serum NTBI levels were quantified in mice with and without peritoneal iron. NTBI levels were 0.11

+0.06, 0.09 £ 0.07, and 0.57 + 0.37 uM in the control, Fe 5 mg, and Fe 50 mg groups respectively. A

statistically significant increase in NTBI levels were found in the Fe 50 mg group compared to the control

group (Fig. 5).

Changes in NTBI in rats after iron administration

To evaluate serum NTBI dynamics in iron loading, NTBI in rat serum was quantified after

intravenous iron administration. Average NTBI in the control rats was 0.16 + 0.04 uM, whereas NTBI

just 1 hour after iron injection was 2.78 + 0.62 pM. NTBI levels then decreased to 0.94 + 0.33 uM and

0.24 + 0.07 uM 3 and 6 hours respectively after iron injection (Fig. 6).

NTBI in rats in inflammatory conditions

To further confirm that NTBI is decreased in inflammation, rat experiments were performed.

Because basal NTBI levels are low in normal rats, iron with and without LPS were administered to rats

and the changes in NTBI levels observed. Three hours after oral iron administration, serum NTBI levels
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1 were found to rise significantly compared to the control group. On the other hand, the degree of NTBI

2 increase was suppressed in the rats administered with both iron and LPS (Fig. 7).
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Discussion

With our newly developed automated quantification system, we successfully quantified NTBI in

healthy volunteers and patients with various diseases, and found that NTBI is present even in the serum of

healthy persons (Fig. 1A). However in females, Tf was significantly less saturated than in males (35.6%

in males and 22.9% in females: p=0.0052); thus NTBI levels in females were expected to be lower, but no

statistical difference in NTBI levels were observed between the sexes. This is compatible with results

from a previous study using a non-metal HPLC measuring system [13], which indicates that NTBI may

be present in serum in constant levels, with some physiological function, however further investigation

will be necessary.

The correlation between NTBI and two widely-used iron metabolism biomarkers, sFe and serum

ferritin, showed a slight positive correlation between sFe and NTBI (r=0.4579, p<0.0001) (Fig. 3A); as

sFe levels reflect Tf -bound iron, this finding indicates that NTBI levels vary when iron is in dynamic

equilibrium with Tf. However, some patients showed relatively high NTBI levels of >0.5 pg/dL, even

when sFe levels were moderate. sFe increases in parallel with Tf saturation, but soon reaches a plateau, as

sFe indicates iron bound to Tf, whose concentration is limited to serum. This limits the use of sFe to the

precise monitoring of iron toxicity, especially during iron-replete states. NTBI on the other hand can be

observed even when Tf is fully saturated; thus sFe and NTBI can be considered as biologically different

markers in iron metabolism.
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Concerning serum ferritin, there was no obvious positive correlation between serum ferritin and

NTBI (Fig. 3B). However, we observed the interesting finding that NTBI levels decreased statistically,

whereas serum ferritin increased in inflammation in human serum (Fig. 4A, 4B). Further, NTBI levels

decreased in LPS-induced inflammation in iron-loaded rats (Fig. 7). In response to inflammation,

hepcidin expression is up-regulated, resulting in decreased iron absorption from the gut and blockade of

iron release from the reticuloendothelial system [14, 15]. Thus suppressed serum iron may account for the

decreased NTBI levels in patients with inflammation. Moreover, although it is still not clear whether

NTBI contributes to the erythropoietic iron supply, the decrease in NTBI in inflammation may play a role

in the pathophysiology of the anemia of chronic disease. Despite serum ferritin being the most widely

used biomarker for total body iron stores, it is only useful in the absence of inflammation [16], hence the

unique in vivo characteristics of NTBI, as compared to serum ferritin, may help overcome the

disadvantage of serum ferritin, and could provide additional information regarding alterations in iron

metabolism even in inflammatory states.

NTBI was found to be present in our animal models of iron overload. Additionally, in both mice

peritoneally injected with iron and rats orally administered with iron, NTBI levels increased (Fig. 5, 6).

Further, serum NTBI rapidly increased and then decreased in rats intravenously injected with iron. These

observations indicate that NTBI may be useful not only as a marker for evaluating iron overload, but also

to precisely monitor dynamic changes of iron in the serum (Fig. 6). Although experimental iron

14



administration rapidly produced NTBI in serum, it is important to note that this occurred in rats receiving

reasonably high doses of iron, and thus may not directly reflect what occurs at the physiologic level in

clinical patients receiving standard iron medication.

In the present study, we have demonstrated that compared to serum ferritin, NTBI is a unique

biomarker of iron metabolism. Finally, while the physiologic and clinical significance of NTBI remains to

be elucidated, we can conclude that our new automated method for measuring NTBI may be a powerful

tool for investigating the physiological and clinical importance of NTBI.
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Figure legends

Fig. 1

NTBI in healthy volunteers and patients. A: Median NTBI in patient group was

0.38 uM (range: 0.02-2.72 uM), with slight decrease in statistical significance

(p=0.0101) compared to that in healthy volunteers (median: 0.45 uM, range: 0.28-0.66 uM).

B: NTBI levels in individual disorders. NHL: non-Hodgkin lymphoma, AML: acute myeloid leukemia,

MDS: myelodysplastic syndrome, MM: multiple myeloma, MT: malignant tumors in digestive organs,

CML: chronic myeloid leukemia, MPN: myeloproliferative neoplasms, CD: Crohn’s disease, Transplant:

post transplantation.

Fig. 2

The substantial within-day variation showing no variation in 3 healthy individuals.

Fig. 3

Relationship between serum iron markers and NTBI. A: sFe and NTBI showed slight positive correlation

(r=0.4579). B: No positive correlation between serum ferritin and NTBI (r = 0.2334).

Fig. 4
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A: Comparison between median NTBI in CRP-positive (>0.3 mg/dL) and negative (= 0.3 mg/dL) groups;

NTBI in CRP-positive group was significantly decreased. B: Median serum ferritin levels were

significantly increased in CRP-positive group compared to CRP-negative group. C: Median sFe were

significantly decreased in the CRP-positive group compared to that in the CRP-negative group (*p<0.05).

Fig. 5

Quantification of sFe (A) and NTBI (B) in mice with or without peritoneal iron. In the Fe 50 mg group,

which received 50 mg of iron dextran, both sFe and NTBI was significantly increased compared to

control group (*p<0.05).

Fig. 6

Changes in NTBI levels in rats intravenously administered with iron. Rapid appearance of NTBI just 1

hour after iron injection and subsequent disappearance from serum after 6 hours. e; rats administered

with PBS, o; rats administered with iron.

Fig. 7

NTBI in rats in inflammatory conditions. Compared to the control group, serum NTBI levels rise

significantly three hours after oral iron administration, whereas the degree of NTBI increase is suppressed

in rats administered with both iron and LPS.
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Tablel Profiles of patients

;::::;‘ZZ'::) WBC (/pL) Hb (g/dL) Plt (x103/ul)  sFe(ug/dl)  TIBC (ug/dL) se'(‘:g"/fn‘:{')iﬁ" AST(U/L)  ALT(U/L) CRP (mg/dL)

NHL 34 0(0-82)  4,550(420-34,150)  10.3(7.4-15.3)  157(49-274)  89(14-229)  266(139-394)  196(30-2,568)  24(9-216)  23(7-81)  0.15(0.10-9.19)
AML 11 22(0-52)  2,500(330-6,440)  8.4(7.5-15.6)  130(7-437)  162(34-250)  278(208-467) 723 (148-2,817)  25(7-81)  26(6-119)  0.22(0.10-5.09)
MDS 10 6(0-94)  6,615(1,130-12,090) 9.9(6.8-13.1)  116(18-276)  155(28-262)  261(172-355) 598 (103-2,345)  26(20-36)  18(11-67)  0.10(0.10-6.42)
MM 10 4(0-22)  4,445(1,180-16,440) 12.7(7.9-15.0)  150(45-298) 87 (14-129)  302(235-368) 131(49-676)  25(17-38)  21(8-44)  0.10(0.10-7.86)
Malignant tumors

o o srme | 15 0(0-2) 3,910(980-5,910)  11.1(6.7-14.4)  150(31-422)  71(13-138) 276 (176-443) 124 (7-548) 28(13-95)  20(6-130)  0.15(0.10-4.83)
oML 7 - 115,650 (2,850-237,610) 12.0(9.0-14.1)  211(46-394)  108(85-356)  335(245-375)  139(10-1,017)  22(15-47)  19(12-61)  0.14(0.10-2.78)
MPN a 0(0-4)  20,030(6,870-117,450) 11.8(9.6-16.5) 293 (33-381)  57(20-97) 324 (251-414) 21(6-2,104) 24(17-29)  14(13-18)  0.10(0.10-6.19)
D 3 - 4,900 (3,690-9,600)  11.7(9.8-12.3) 254 (196-36)  34(21-72) 312 (297-368) 31(11-206) 18(14-19)  24(8-32)  0.10(0.10-2.20)
others 22 0(0-100)  6,025(1,490-50,660) 11.6(6.8-19.7)  190(61-319)  89(8-266)  270(174-416) 361 (2-4,000)  25(11-128)  25(7-196)  0.10(0.10-12.23)

NHL: non-Hodgkin lymphoma, AML : acute myeloid leukemia, MDS : myelodysplastic syndrome, MM : multiple myeloma, CML : chronic myeloid leukemia,
MPN : myeloproliferative neoplasms, CD : Crohn’s disease, sFe : serum iron, TIBC : total iron binding capacity
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