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Abstract

A direct correlation between brain iron and Alzheimer’s disease (AD) raises questions regarding 

the transport of non-transferrin-bound iron (NTBI), a toxic but less researched pool of circulating 

iron that is likely to increase due to pathological and/or iatrogenic systemic iron overload. Here, 

we compared the distribution of radiolabeled-NTBI (59Fe-NTBI) and transferrin-bound iron (59Fe-

Tf) in mouse models of iron overload in the absence or presence of inflammation. Following a 

short pulse, most of the 59Fe-NTBI was taken up by the liver, followed by the kidney, pancreas, 

and heart. Notably, a strong signal of 59Fe-NTBI was detected in the brain ventricular system after 

2 h, and the brain parenchyma after 24 h. 59Fe-Tf accumulated mainly in the femur and spleen, 

and was transported to the brain at a much slower rate than 59Fe-NTBI. In the kidney, 59Fe-NTBI 

was detected in the cortex after 2 h, and outer medulla after 24 hours. Most of the 59Fe-NTBI 

and 59Fe-Tf from the kidney was reabsorbed; negligible amount was excreted in the urine. Acute 

inflammation increased the uptake of 59Fe-NTBI by the kidney and brain from 2–24 hours. 

Chronic inflammation, on the other hand, resulted in sequestration of iron in the liver and kidney, 

reducing its transport to the brain. These observations provide direct evidence for the transport of 

NTBI to the brain, and reveal a complex interplay between inflammation and brain iron 

homeostasis. Further studies are necessary to determine whether transient increase in NTBI due to 

systemic iron overload is a risk factor for AD.

Keywords

Alzheimer’s disease; brain; kidney; inflammation; non-transferrin-bound iron

INTRODUCTION

Iron is an important parameter for proper brain functionality, to the extent that excess iron is 

linked to neurodegenerative conditions such as Alzheimer’s disease (AD) [1–3], and iron 

deficiency is implicated in the pathogenesis of restless-leg syndrome and other brain 

disorders [4, 5]. The correlation between elevated levels of brain iron and AD [6] has led to 
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the use of iron chelators as potential therapeutic agents [7, 8]. The mechanism underlying 

this change, however, remains controversial. Since the brain is separated from systemic 

circulation by the blood-brain (BBB) and blood-cerebrospinal fluid (CSF) barriers [9], it has 

been hypothesized that dyshomeostasis of iron metabolism within the brain is responsible 

for the increase in brain iron levels. However, limited reports suggest a small but detectable 

increase in brain iron by systemic iron overload [10], leaving the matter unsettled. Even 

minor changes in brain iron are likely to have an adverse effect because unlike serum 

transferrin (Tf), which is only 30–40% saturated with iron, CSF Tf is 100% saturated and 

has a limited capacity for buffering excess iron [11]. Moreover, iron is likely to accumulate 

in the brain over time [12], underscoring the relevance of systemic iron overload to AD 

pathogenesis.

In the blood, the majority of iron circulates as Tf-bound iron (TBI), and is taken up by 

systemic organs and the brain through the classic Tf/Tf-receptor pathway. A limited amount 

of iron is associated with citrate and other compounds, and comprises the pool of non-Tf-

bound iron (NTBI). The mechanism by which TBI is transported across the blood-brain and 

blood-CSF barriers has been well characterized [11]. Similar information for NTBI, 

however, is lacking. Unlike TBI, NTBI requires reduction to the ferrous (Fe2+) form by 

membrane bound ferrireductases for transport across biological membranes through divalent 

metal transporters [13]. Although in vitro studies indicate efficient uptake and transport of 

NTBI by brain micro-vessel endothelial cells [14, 15], it is unclear whether a similar 

transport mechanism occurs in vivo. Paucity of information on the physiology and 

pathobiology of NTBI is mainly due to the difficulty in tracking this species experimentally. 

This question is of particular significance in the pathobiology of AD and other 

neurodegenerative conditions associated with brain iron dyshomeostasis because unlike TBI 

that is relatively stable, NTBI has the potential for generating reactive hydroxyl radicals 

through Fenton chemistry [16]. It is therefore necessary to maintain the concentration of 

circulating and brain NTBI within safe limits.

It is generally presumed that there is little, if any NTBI in the blood because of the high 

affinity of Tf for iron. Any NTBI, therefore, is believed to result from a spill-over of Tf 

saturation. Evidence from several studies, however, suggests otherwise. Such evidence 

includes: 1) In healthy adults, exogenous iron administered by the oral or parenteral route 

causes a rapid increase in NTBI despite high Tf iron-binding capacity [17–20]; 2) 

Conditions unrelated to systemic iron overload such as alcoholic liver disease, diabetes 

mellitus, and hematological malignancies increase NTBI despite unsaturated Tf [21, 22]; 3) 

Mice lacking ceruloplasmin have decreased plasma levels of both TBI and NTBI, suggesting 

that these forms exist in a chemical equilibrium [21, 23]; 4) The rate of iron conjugation 

with Tf (minutes) is slower than the rate of NTBI uptake by the liver (<3 seconds) [24]; and 

5) concentrations of NTBI rise rapidly after iron loading followed by sudden disappearance 

within seconds, making it unlikely that Tf-saturation is a pre-requisite for the appearance of 

NTBI [25]. Thus, NTBI is present in the blood under normal conditions and its pool is likely 

to increase with iron overload. NTBI also contributes substantially to the total pool of iron in 

the brain [26–29] though it is unclear whether it is generated locally or transported from the 

blood across the blood-brain and blood-CSF barriers.
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To answer this question, we compared the distribution of radiolabeled NTBI (59Fe-NTBI) 

and Tf (59Fe-Tf) in the brain and systemic organs [30], and the influence of iron overloading 

in the absence or presence of acute or chronic inflammation on these parameters in a mouse 

model. We demonstrate that despite adequate sequestration by the liver and kidney, a 

significant amount of NTBI is transported to the brain parenchyma, and acute and chronic 

inflammation influences its distribution differentially. These observations have significant 

implications for AD and other neurodegenerative conditions associated with brain iron 

imbalance and neuroinflammation.

METHODS

Animal care

Wild-type FVB/NJ mice were obtained from Jackson Laboratories and housed in AAALAC 

accredited facilities at Case Western Reserve University using standard operating 

procedures. All animal protocols used in this study were approved by the Institutional 

Animal Care and Use Committee (IACUC). Routine veterinary care was provided by 

technicians under the direction of an attending veterinarian.

Radiolabeling and tissue processing

For all experiments, female mice ranging in age from 1.5–2 months on regular laboratory 

chow were used. In a typical experiment, experimental mice were injected with equal counts 

of 59FeCl3 (Perkin-Elmer) by the IP route prior to, or 30 min following an injection of 70 

μg/22g body weight of FAC (Sigma) dissolved in citrate buffer [30, 31]. To induce acute 

inflammation, lipopolysaccharide (LPS, 2 mg/kg, E. coli O55:B6) was injected IP followed 

by FAC and 59FeCl3 as described diagrammatically in the experimental design for each 

experiment [32]. To induce chronic inflammation, LPS injection was repeated daily for 4 

consecutive days [33]. Control animals in each group received the same volume of vehicle.

At the indicated times (2 h, 24 h, and 4d), mice were euthanized as per the approved 

protocol. Blood was collected by cardiac puncture, and the remaining blood was flushed out 

by transcardial perfusion of chilled PBS. Major organs were harvested, and uptake of 59Fe in 

each organ and the remaining carcass was quantified in a γ-counter. Total counts injected 

and recovered were similar for each set of experiments. Each organ was weighed and fixed 

in 10% neutral buffered formalin for 24 h. Fixed organs were either embedded in paraffin 

and processed for immunostaining and Perls’ reaction, or sectioned by a vibratome (Leica 

VT1000s), dried, and subjected to autoradiography. Control and experimental samples were 

processed in parallel and exposed to the same X-ray film to allow direct comparison. 

Scanned autoradiographs were converted to a color gradient image with Adobe Photoshop 

CC.

SDS-PAGE and western blotting [34], native gel electrophoresis [35], Perls’ staining [36], 

immunostaining [37], and quantitative RT-PCR were performed essentially as described [38, 

39].
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RESULTS

Uptake of 59Fe-NTBI and 59Fe-Tf is organ specific, and 59Fe-NTBI is transported faster 
than 59Fe-Tf to the brain and kidney

To evaluate the kinetics of uptake and distribution of TBI and NTBI in various organs, age 

and sex-matched mice were injected with equal counts of 59FeCl3 to radiolabel 59Fe-Tf 

(−FAC) and 59Fe-NTBI (+FAC) [30], and euthanized after 2 and 24 h. The efficacy of 

radiolabeling was confirmed by fractionating plasma on a native gel followed by 

autoradiography (Fig. 1A). Uptake of 59Fe by various organs was quantified in a γ-counter 

(Fig. 1B). The kidney, brain, heart, liver, and spleen were fixed, and thick sections were 

vacuum-dried and subjected to autoradiography (Fig. 1C–E). The total 59Fe counts 

recovered from mice in each group were similar (±5%), allowing a direct comparison 

between the two groups.

Following a pulse of 2 h, plasma 59Fe-Tf was reduced by ∼80% in +FAC samples relative to 

−FAC controls, confirming successful radiolabeling of NTBI and TBI, respectively (Fig. 1A, 

lanes 1 & 2 versus 3 & 4). Levels of 59Fe-Tf were similar in both sets of mice after 24 h, 

indicating equilibration of iron pools in different organs (Fig. 1A, lanes 5–8). Quantitation 

of 59Fe counts in different organs revealed preferential uptake of 59Fe-NTBI by the liver, 

kidney, heart, and 59Fe-Tf by the spleen and femur (Fig. 1B) [30].

Examination of kidney sections revealed significantly more 59Fe-NTBI relative to 59Fe-Tf 

after 2 and 24 h, and a change in the localization of both forms from the cortex at 2 h to the 

outer medulla after 24 h (Fig. 1C, panels 1–4). Notably, 59Fe-Tf increased, while 59Fe-NTBI 

decreased from 2 to 24 h (Fig. 1C, panel 1 versus 3 & 2 versus 4), indicating that uptake and 

efflux of 59Fe-NTBI in the kidney is faster than 59Fe-Tf, and the total amount of 59Fe-NTBI 

passing through is significantly higher than 59Fe-Tf. A dry section of the kidney used for 

fluorography indicates the anatomical regions of 59Fe accumulation (Fig. 1C, panel 5).

As in the kidney, significantly more 59Fe-NTBI accumulated in the brain after 2 h relative 

to 59Fe-Tf, especially in the lateral ventricles (Fig. 1D, panels 1 & 2). Unlike the kidney, 

both 59Fe-Tf and 59Fe-NTBI continued to accumulate after 24 h, and a significant amount 

was detected in the brain parenchyma in addition to the ventricles (Fig. 1D, panels 1 versus 

3 & 2 versus 4). A section of the brain used for fluorography indicates major areas that 

accumulate 59Fe (Fig. 1D, panel 5).

Sections of the heart displayed significantly more 59Fe-NTBI relative to 59Fe-Tf, most of 

which accumulated in the left ventricular muscle after 24 h (Fig. 1E). The liver revealed a 

strong signal for 59Fe-NTBI, and the spleen for 59Fe-Tf as expected from the 59Fe counts in 

Fig. 1B (Fig. 1F, G). Sections of the heart, liver, and spleen (Fig. 1E–G) were exposed to X-

ray film for variable times, and cannot be compared with each other or with the kidney and 

brain sections above.

These observations demonstrate that 1) transport of 59Fe-NTBI to the kidney is faster 

than 59Fe-Tf, 2) 59Fe from 59Fe-NTBI is transported across the blood-brain and blood-CSF 
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barriers to the brain parenchyma faster than 59Fe from 59Fe-Tf, and 3) a significant amount 

of 59Fe-NTBI accumulates in the heart.

Endothelial and epithelial cells of the brain and kidney accumulate iron and upregulate 
ferritin during systemic iron overload

To evaluate whether the 59Fe signal in kidney cortex and outer medulla represents transient 

passage or accumulation of iron in these regions, sections of kidney from control (−FAC) 

and FAC treated mice were stained with Perls’ reagent (Fig. 2A). Surprisingly, prominent 

Perls’ positive deposits were visible in epithelial cells lining the proximal tubules and 

Bowman’s capsule of mice treated with FAC (Fig. 2A, panels 2 & 4). Minimal reactivity 

was detected in control sections (Fig. 2A, panels 1 & 3).

Immunostaining for ferritin revealed a much larger area of reactivity in the cortex of FAC 

treated samples relative to controls (Fig. 2B, panels 1 & 2). Higher magnification revealed 

that ferritin was localized to epithelial cells lining the Bowman’s capsule and proximal 

tubules (Fig. 2B, panels 3 & 4).

Likewise, brain sections from FAC treated mice showed a strong reaction for ferritin in 

epithelial cells of the choroid plexus and capillary endothelial cells (Fig. 2C, panels 1–4). 

Neuronal cells in the frontal cortex also reacted strongly for ferritin (Fig. 2C, panels 5 & 6), 

indicating that despite intact blood-brain and blood-CSF barriers, iron overloading resulted 

in the transport of iron to the brain parenchyma and uptake by neuronal cells.

Combined with the 59Fe results in Fig. 1, these observations suggest that transient iron 

overload results in the accumulation of iron and consequent upregulation of ferritin in 

epithelial lining kidney proximal tubules and Bowman’s capsule. Likewise, brain capillary 

endothelial and choroid plexus epithelial cells upregulate ferritin, indicating a protective and 

regulatory response to excess iron.

Inflammation influences the uptake of 59Fe-NTBI by the brain and kidney

Systemic inflammation is known to sequester iron in macrophages, creating functional iron 

deficiency and anemia of chronic disease [40]. The effect of neuroinflammation that 

accompanies AD [41] on brain iron homeostasis, however, is less clear. To evaluate whether 

inflammation alters the uptake of NTBI by the brain, mice were injected with a single or 

multiple doses of LPS, an agent widely used to induce acute and chronic systemic and 

neuroinflammation [42, 43]. This was followed by vehicle or FAC after 2 h, and 30 min 

later, 59FeCl3 to radiolabel TBI and NTBI respectively (Fig. 3, experimental design).

Following a pulse of 4.5 h, accumulation of 59Fe-NTBI in cortical region of the kidney was 

significantly more than 59Fe-Tf (Fig. 3A, panels 1 & 2). The brain showed significantly 

more 59Fe-NTBI in the ventricles relative to 59Fe-Tf. However, the transport of 59Fe-NTBI 

to the brain parenchyma was significantly less than 59Fe-Tf (Fig. 3B, panels 1 & 2).

After a longer chase of 26.5 h, LPS treated samples continued to show significantly 

more 59Fe-NTBI relative to 59Fe-Tf in the kidney cortex (Fig. 3C, panels 1 & 2). Brain 

sections showed a strong signal for 59Fe-NTBI in the ventricles, and in contrast to the 4.5 h 
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time-point, significantly more transport to the parenchyma relative to 59Fe-Tf (Fig. 3D, 

panels 1 & 2). Chronic inflammation, on the other hand, caused a distinct decrease in 59Fe-

Tf in the kidney and brain relative to the control (Fig. 3E, F, panels 1 & 2). Uptake of 59Fe-

NTBI by the kidney and brain, however, was similar to controls (Fig. 3E. F, panel 1 versus 

3).

Chronic inflammation increases Perls’ positive iron in the kidney and liver

Reduced uptake of 59Fe-NTBI and 59Fe-Tf by the brain and kidney following chronic 

inflammation indicated sequestration in the liver, thus reducing circulating levels of 

radiolabeled iron. To confirm this, liver and kidney sections from mice injected with LPS 

were stained with the Perls’ reagent [33, 44]. Surprisingly, Perls’ positive iron deposits were 

detected in epithelial cells lining the kidney proximal tubules and Bowman’s capsule (Fig. 

4A, panels 1 & 2). Similar reactivity was also detected in hepatocytes and Kupffer cells (Fig. 

4A, panels 3 & 4). Western blot analysis of liver homogenates revealed increased levels of 

ferritin in LPS treated samples, a significant amount of which fractionated in the detergent 

insoluble fraction (Fig. 4B, lanes 1–6, Fig. 4C), indicating a change in the biophysical 

characteristics of ferritin.

In response to inflammation, the liver releases Hepcidin, a peptide hormone that 

downregulates the iron export protein ferroportin (Fpn), thereby reducing uptake from the 

intestine and release from macrophages [45]. To confirm efficient induction of both acute 

and chronic inflammation by LPS, quantitative RT-PCR was used to determine levels of 

hepcidin (Hamp1) and Fpn that show upregulation and downregulation, respectively, in 

response to inflammatory stimuli. As expected, there was significant upregulation of Hamp1 

and down-regulation of Fpn 6 h after the first injection of LPS (Fig. 4D). Levels of Hamp1 

fell to control levels 24 h after the 4th injection (Fig. 4D), though Fpn remained below 

control levels under both experimental conditions, partially explaining Perls’ positive iron 

deposits in the inflamed kidney and liver.

DISCUSSION

Our data demonstrate that a significant amount of NTBI is transported to the brain of iron-

overloaded, disease-free mice with intact blood-brain and blood-CSF barriers. The uptake 

of 59Fe-NTBI by the brain parenchyma continued for up to 24 h even though a significant 

amount was sequestered in the liver and transported to the kidney within 2 h of 

administration. Increased reactivity of endothelial and epithelial cells of the blood-brain and 

blood-CSF barriers for ferritin 24 h after iron administration indicated accumulation of 

access iron in these cells, a phenotype expected to downregulate iron uptake proteins and 

reduce further uptake of iron [46]. Acute inflammation increased transport of 59Fe-NTBI to 

the brain, perhaps due to disruption of the blood-brain and blood-CSF barriers. Chronic 

inflammation, on the other hand, resulted in the accumulation of iron in the liver and kidney, 

thereby reducing circulating levels of NTBI and transport to the brain.

Faster accumulation of NTBI in the ventricles and brain parenchyma relative to TBI despite 

similar 59Fe counts injected and recovered could be explained by the faster kinetics of 

NTBI, which is cleared from the circulation within seconds relative to the conjugation of 
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iron with Tf, which takes minutes [24]. However, the continued transport and accumulation 

of 59Fe-NTBI after 24 h, despite systemic iron overload, is difficult to explain, and suggests 

the following possibilities: 1) transport of 59Fe-NTBI to the brain is not as stringent as 59Fe-

Tf, and continues despite adequate brain iron and upregulation of ferritin in endothelial and 

epithelial cells of the blood-brain and blood-CSF barriers; 2) 59Fe-NTBI transported to the 

brain is taken up by astrocytes and microglia, and accumulates in ferritin; and 3) drainage of 

brain interstitial fluid and CSF into the venous system is slower than the kinetics of 59Fe-

NTBI uptake, resulting in transient accumulation in the brain parenchyma. Accumulation of 

relatively less 59Fe-Tf in the brain after 2 and 24 h reflects the uptake and distribution of TBI 

under normal conditions, and suggests utilization by brain cells and accumulation of excess 

in ferritin. Alternately, the increase in 59Fe-Tf signal with time could reflect slower kinetics 

of export relative to import. Further studies are necessary to understand the kinetics of NTBI 

and TBI into, and out of the brain.

The kidneys accumulated mainly 59Fe-NTBI as expected [31]. However, unlike the brain, a 

significant amount of 59Fe-NTBI was transported out of the kidney within 24 h, indicating 

reabsorption by the blood. Minimal 59Fe was lost in the urine [47]. The transport of 59Fe-Tf 

to and from the kidney was less dramatic than 59Fe-NTBI, reinforcing the conclusion that 

the kinetics and distribution of 59Fe-NTBI differ from those of 59Fe-Tf, and are organ-

specific. The accumulation of iron and upregulation of ferritin in epithelial cells lining the 

glomeruli and proximal tubules of iron overloaded mice, anatomical sites susceptible to iron-

induced toxicity, is of concern specially in cases of chronic kidney disease where 

intravenous iron therapy is the norm, and is likely to damage the already compromised 

kidney [47]. Moreover, significant accumulation of 59Fe-NTBI in the heart suggests that in 

addition to the brain, the kidney and heart are also sensitive to iron-induced toxicity due to 

systemic iron overload.

Acute inflammation increased the transport of 59Fe-NTBI to the brain and the kidney, a 

surprising observation since the majority of NTBI is expected to accumulate in the liver due 

to upregulation of divalent metal transporters DMT1 and ZIP14 [48, 49] and downregulation 

of transferrin receptor and Fpn due to inflammation-induced up regulation of hepcidin [32, 

50]. It is likely that altered expression of iron transporters combined with compromised 

integrity of the brain barriers due to inflammatory cytokines contribute to this phenotype 

[51, 52]. Chronic inflammation, on the other hand, reduced the transport of 59Fe-NTBI 

and 59Fe-Tf to the brain and kidney because the majority of circulating iron accumulated in 

the liver and kidney glomerular and proximal tubule epithelial cells as Perls’ positive 

deposits. Thus, chronic inflammation played a protective role by reducing iron deposition in 

the brain while increasing the susceptibility of kidney tubules to iron-induced damage. 

Interestingly, knock-out of Zip14 in normal mice or models of hemochromatosis decreased 

uptake of NTBI by the liver and increased its transport to the kidney [53–55], suggesting 

that excess iron that escapes the liver is diverted to the kidney. It is likely that shedding of 

ferritin-rich proximal tubule epithelial cells in the urine helps in ridding the body of excess 

iron and is therefore a protective mechanism. The aggregation of ferritin within the 

chronically inflamed liver, however, was surprising, and suggested a change in its 

biophysical characteristics as a result of inflammation. This observation has implications for 

neurodegenerative diseases such as AD in which neuroinflammation plays a dominant role, 

Tripathi et al. Page 7

J Alzheimers Dis. Author manuscript; available in PMC 2017 October 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and could account for the increase in brain iron as noted in brains affected by a prion disease 

[35, 56].

In conclusion, this study demonstrates that NTBI is transported to the brain in addition to the 

liver, kidney, and heart. Acute inflammation increases iron uptake by the brain while chronic 

inflammation is relatively neuroprotective due to sequestration of iron in the liver and 

kidney. Further studies are necessary to evaluate the concentration of NTBI in the brain 

under normal and diseased conditions, and the correlation between circulating NTBI and 

AD.
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Fig. 1. 
Uptake of 59Fe-NTBI and 59Fe-Tf is organ specific, and 59Fe-NTBI is transported faster 

than 59Fe-Tf to the brain and the kidney. Experimental design: Time-frame of different 

treatments for the 2 and 24 h chase experiments in A–G. A) Saturation of plasma Tf with 

unlabeled FAC results in the distribution of 80% of injected 59Fe to the NTBI pool after 2 h 

(lanes 1–4). Plasma 59Fe-Tf achieves equilibrium with pools of unlabeled iron in organs by 

24 h (lanes 5–8). B) 59Fe-Tf is mainly taken up by the spleen and femur, while 59Fe-NTBI 

distributes mainly to the liver, kidney, and heart. C) The signal for 59Fe-NTBI in the kidney 

cortex is 4-fold higher than 59Fe-Tf after 2 h (panels 1 & 2). This difference reduces 

significantly after 24 h (panels 3 & 4). Both 59Fe-Tf and 59Fe-NTBI show a change in 

localization from the cortex to the outer medulla after 24 h (panels 3 & 4, panel 5). Panel 5: 
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Dry section used for autoradiography is marked and represented diagrammatically to 

highlight major sites of iron absorption in the kidney. Cor, cortex; Med, medulla; Pel, pelvis, 

Hil, hilum; G, glomerulus; PT, proximal tubule; DT, distal tubule. D) The signal from 59Fe-

NTBI is significantly higher than 59Fe-Tf in the ventricles and brain parenchyma after 2 h 

(panels 1 & 2). A significant amount of 59Fe is transported to the brain parenchyma after 24 

h, and the signal is higher in 59Fe-NTBI relative to 59Fe-Tf samples (panels 3 & 4, panel 5). 

Panel 5: Tissue section used for autoradiography is marked to show major sites of iron 

accumulation in the brain. 1, ventricles; 2, cortex; 3, hippocampus; 4, cerebellar cortex; 5, 

thalamus; 6, hypothalamus; Cb, cerebellum. E) Accumulation of 59Fe-NTBI in the left 

ventricular muscle is significantly more than 59Fe-Tf (panels 1 & 2). F) The liver 

accumulates significantly more 59Fe-NTBI relative to 59Fe-Tf (panels 1 & 2). G) The spleen, 

on the other hand, accumulates more 59Fe-Tf in comparison to 59Fe-NTBI (panels 1 & 2).
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Fig. 2. 
Endothelial and epithelial cells of the brain and kidney upregulate ferritin in iron overloaded 

mice. A) Perls’ staining of kidney sections shows a blue reaction product of iron in epithelial 

cells lining the proximal tubules and Bowman’s capsule in FAC treated samples (panels 2 & 

4). A weak reaction is also noted in control sections (panels 1 & 3). B) Immunostaining for 

ferritin followed by enhancement of the reaction with diaminobenzidine shows a much 

larger area of positivity in the cortex and outer and inner medulla in FAC treated samples 

relative to controls where the reactivity is limited to the cortex (panels 1 & 2). Glomeruli 

show a strong reaction for ferritin in cells lining the Bowman’s capsule of FAC treated 

samples relative to controls (panels 3 & 4). C) Reactivity for ferritin is stronger in brain 
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sections from mice exposed to FAC relative to controls in epithelial cells of the choroid 

plexus (panels 1 & 2), endothelial cells lining blood capillaries (panels 3 & 4), and neuronal 

cell bodies in the frontal cortex (panels 5 & 6). Scale bar, 10 μm.

Tripathi et al. Page 15

J Alzheimers Dis. Author manuscript; available in PMC 2017 October 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
Inflammation alters the distribution of NTBI in the brain and kidney. Experimental design: 

Time-frame of experimental manipulations in A–F. A) Acute inflammation shows increased 

transport of 59Fe-NTBI to the kidney cortex relative to 59Fe-Tf after a chase of 2 h (panels 1 

& 2), and when compared with non-inflamed samples in Fig. 1C, panels 1 & 2. B) Likewise, 

significantly more 59Fe-NTBI accumulates in the ventricles in the presence of acute 

inflammation relative to 59Fe-Tf (panels 1 & 2). However, transport of 59Fe from 59Fe-NTBI 

to the brain parenchyma is reduced in comparison with 59Fe-Tf (panels 1 & 2) and non-
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inflamed samples in Fig. 1D, panels 1 & 2. C) A longer chase of 24 h in the absence or 

presence of acute inflammation shows significantly more 59Fe-NTBI relative to 59Fe-Tf, and 

their accumulation in the outer and inner medulla (panels 1 & 2). D) Brain sections show 

increased accumulation of 59Fe-NTBI in the ventricles, and significantly more transport 

of 59Fe to the parenchyma relative to 59Fe-Tf in non-inflamed samples (panels 1 & 2). E) 

Chronic inflammation reduces the transport of 59Fe-Tf to the kidney, but has minimal effect 

on the uptake of 59Fe-NTBI (panels 1–3). Notably, uptake of 59Fe-NTBI remains higher 

than 59Fe-Tf during chronic inflammation (panels 2 & 3). F) The transport of 59Fe-Tf 

and 59Fe-NTBI to the ventricles and brain parenchyma is reduced during chronic 

inflammation, though uptake of 59Fe-NTBI is significantly more than 59Fe-Tf (panels 1–3).
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Fig. 4. 
Chronic inflammation increases sequestration of iron in the liver and kidney. A) Perls’ 

reaction is positive in the epithelial cells lining the kidney proximal tubules and Bowman’s 

capsule (panels 1 & 2). Perls’ positive granules are also evident in the hepatocytes and 

Kupffer cells (panels 3 & 4). Scale bar, 10 μm. B) Western blot of liver homogenates shows 

upregulation of ferritin by LPS (lanes 1 & 2), a significant amount of which partitions in the 

detergent-insoluble fraction (lanes 3 & 4). C) Quantification shows 1.3-fold increase in 

ferritin in the total lysate, and 1.2 and 3-fold increase in ferritin in the soluble and insoluble 
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fractions respectively by LPS. D) Quantitative analysis of mRNA levels shows a significant 

increase in Hamp1 (hepcidin) mRNA after 6 h, and a fall to near control levels after 4 days 

of LPS (p < 0.01). mRNA levels for Fpn, on the other hand, remain low after 6 h and 4 days 

of LPS treatment (p < 0.05).
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