
Causes of anemia in the uremic milieu 
• Reduced production of erythropoietin 

• Shortened erythrocyte lifespan caused by uremic 

toxins and oxidative stress 

• Impaired iron availability due to inflammation-driven 

production of hepcidin, which inhibits intestinal iron 

absorption 

• Occult blood loss due to uremic platelet dysfunction 

          
 

Hemodialysis patients lose 7-15 ml (3-10 mg iron) of 

blood per day due to blood trapped in dialysis machine, 

sampling for lab tests, bleeding etc.  



Complex Polynuclear iron core 
(polymeric) 

Carbohydrate 
(saccharide) 

Ligand properties 

Sodium ferric gluconate 
in sucrose (Ferrlecit) 

Iron(III)-oxyhydroxide 
(ferrihydrite)2 Gluconate/sucrose Mono-saccharide 

Di-saccharide 

Iron sucrose 
(Venofer, Fesin) 

Iron(III)-oxyhydroxide 
(akaganeite)1 Sucrose Di-saccharide 

Ferric carboxymaltose 
(Ferinject/Injectafer) 

Iron(III)-oxyhydroxide 
(akaganeite)1,3 Carboxy(poly)maltose Poly-saccharide 

Low molecular weight 
iron dextran 
(CosmoFer, INFeD) 

Iron(III)-oxyhydroxide 
(akaganeite)3 Dextran Poly-saccharide 

High molecular weight 
iron dextran 
(Dexferrum) 

Iron(III)-oxyhydroxide 
(akaganeite)2 

Dextran and  
carboxymethylated, 
hydrogenated dextran 

Poly-saccharide 

Ferumoxytol 
(Feraheme/Rienso) 

Iron(III)-oxide 

(maghemite)1 
Carboxymethylated, 
hydrogenated dextran Poly-saccharide 

Iron isomaltoside 1000 
(MonoFer) 

Iron(III)-oxyhydroxide 
(akaganeite)1,3 

Isomaltose  
(hydrogenated 
dextran 1) 

Oligo-saccharide 
(5–6 glucose units) 

1. Neiser et al. Eur. J. Pharm. Biopharm. (2013), submitted. 2. Funk et al. Hyperfine Interactions (2001) 136, 73. 3. Jahn et al. Eur. J. Pharm. Biopharm. (2011) 78, 480. . 

Ferric hydroxide core encased in a 
carbohydrate shell designed to act 

like ferritin and prevent rapid 
release of its iron content 

Crystal structure of ferritin 
(storage protein with antioxidative properties) 

Carbohydrate shell 



Fenton reaction: 
H202 + Fe2+     .OH + OH- +  Fe3+ 

The hydroxyl radical is the most reactive and 
cytotoxic free radical known 

Haber Weiss reaction: 
Fe3+ + O2

.-         Fe2+ + O2
 

O2; superoxide; H202; hydrogen perioxide
. 

These two reactions supply the fuel for 
continuous iron-catalyzed hydroxyl radical 
production and perpetuation of oxidative 
stress. Does this occur in vivo?  



Simple Visual Qualitative Assessment of 
Amount of Labile Iron in i.v. Iron Preparations 

SFG: Sodium ferric gluconate in sucrose; IS: Iron sucrose 
LMWID: Low molecular weight iron dextran; FCM: Ferric carboxymaltose 

FMX: Ferumoxytol; IIM: Iron isomaltoside 1000 

Reaction with tea (polyphenols): 

Neiser et al. Eur. J. Pharm. Biopharm. (2013), submitted. 

BMC Medical Genomics 2009, 2:2   



Am J Nephrol 2014 

”Intravenous iron exerts some effects on 

markers of oxidative stress that are of 

unclear clinical significance” 

2658 participants 



In 20 healthy 
volunteers the effect 
of 100 mg ferric 
saccharate infusion 
was investigated. 



Kuo K et al. JASN 2008;19:1817-1826 

Electron micrographs of human lymphocytes 

Before iron 

After iron 

After iron 

110 HD patients 
assigned single doses 
of i.v. iron Distinct intracellular iron uptake 

Distinct intracellular iron uptake 

Intravenous iron sucrose provokes 

oxidative damage to peripheral blood 

lymphocyte DNA in HD patients, especially 

among those with high ferritin levels 



Deleterious Effects of i.v. Iron on Mononuclear Cells 

Martin-Malo A et al. Nephrol. Dial. Transplant. 2012;27:2465-2471 

Baseline 1h after HD start 
Before iron 

30 min after iron 
 or saline 

At the end 
 of HD 

Oxidative stress 
RCT: Cells from 
10 HD patients 

Baseline 1h after HD start 
Before iron 

30 min after iron 
 or saline 

At the end 
 of HD 

Cell activation 

Baseline 1h after HD start 
Before iron 

30 min after iron 
 or saline 

At the end 
 of HD 

Apoptosis 

Am J Nephrol. 2012;36(1):50-7.  



Intravenous Iron Treatment Promotes 
Monocyte Cytokine Formation ex vivo  

Sonnweber T et al. Nephrol. Dial. Transplant. 2011;26:977-987 

24 HD patients assigned 
to i.v. iron surcose or 
saline  



Intravenously administered iron is taken up by 
monocytes and activate the NF-κB pathway. 

Iron treated patient 

Iron Stimulates NF-κB 

Sonnweber T et al. Nephrol. Dial. Transplant. 2011;26:977-987 

Am J Physiol Gastrointest Liver Physiol 283: G719–G726, 2002 



Multiple pathways stimulate NF-κB in the uremic milieu 

Megalin/ 
cubilin 

Albumin 

TNFR1 TNF 

TLR4 LPS 

Integrin Pressure/mechanical 
stress 

NOX 
SOD 

 
Glutathione 

Reactive oxygen 
species 

RAGE AGEs 

Hyperglycemia   

AT1 Angiotensin II 

Adapted from McCullough PA, Ali S. Drug Design, Development and Therapy 2012;6:141-492012;6:141-49. 

NF-κB 

iNOS 
IL-6 

MCP-1 
TGFβ1 
ICAM-1 

Angiotensinogen 

Upregulation of about 
250 cytoprotective and 

antioxidant genes 

Keap1 Nrf2 

Inactive Active 

Keap1 

Nrf2 

transcription 
factor 

Kidney Int 2013 

 
Glomerular 

endothelium 
 

 
Mesangial cells 

 

 
Podocytes 

 

 
Vascular 

endothelium 
 

 
Proximal tubule 

cells 
 



Am J Physiol 2010;298:F662-F671 

Nrf2 activation is 
suppressed in animal 
models of CKD 



Food Funct. 2014, 5, 243 

• Fe administration leads to transient liver oxidative stress 
development and transient Nrf2 activation. 
• Question: What happens when iron is injected into the 
inflamed, pro-oxidative and Nrf2 exhausted uremic milieu? 

GSH; gluthathione 



Non-transferrin bound iron after i.v. iron in healthy controls 

Non-transferrin bound iron after i.v. iron in ESRD patients 

Iron dextran 

Iron dextran 

Iron sucrose 

Iron sucrose 

                 

                 

Biometals. 2011 Aug;24(4):603-13  

• Iron sucrose administration was 
associated with higher maximum 
serum non-transferrin bound iron 
concentrations compared to iron 
dextrane. 
• Both compounds produced similar 
ROS generation and cytokine 
activation that was more 
pronounced among ESRD patients. 

Does iron-mediated oxidative 
stress translate into increased risk 
for atherosclerotic lesions? 
 



Biochim Biophys Acta. 2009 Jul;1790(7):718-23. 

• Under the influence of the increased concentrations of 
hepcidin, iron is primarily sequestered in macrophages and 
that iron-laden macrophages within the plaque promote 
atherosclerosis. 

• Ferrous iron leads to the generation of the hydroxyl radical, 
known to damage membrane lipids, oxidize low-density 
lipoprotein, and promote atherogenesis. 

• It is believed that most intravenous iron formulations release 
bioactive iron, especially if given rapidly enough to over-
saturate receptors. 



Hypothesis: Atherosclerosis may be increased by the usually 
recommended doses of intravenous iron. 
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P=0.015 
R=0.294 

Circulation 2002 Int Heart J 2005 



Dec 2012 

1239 HD patients 

The detrimental effects of i.v. iron 
were partly due to increased oxidative 
stress and induction of mononuclear 
adhesion to endothelial cells 



Contrary to the iron hypothesis, hepatic hepcidin 

expression was not increased at any stage of the 

atherosclerosis progression in Apoe -/- or Apoe/ffe mice. 

The atherosclerotic plaque size was not increased in mice 

with elevated macrophage iron. 

The flatiron (ffe) mouse accumulates iron in macrophages without other confounding abnormalities  

Cell Reports Dec 2013 

“The inconsistent effects of iron in atherosclerotic 

mouse models do not support the hypothesis 

that iron is an important aggravating factor in the 

pathogenesis of atherosclerosis.” 

 

HFD; high fat diet 



Strategies favoring large doses of intravenous iron were not 
associated with increased short-term cardiovascular morbidity and 
mortality. Investigation of the long-term safety of the various 
intravenous iron supplementation strategies may still be warranted. 

PLoS One. 2013 Nov 1;8(11):e78930.  

• A retrospective cohort was created from the clinical database 
of a large dialysis provider merged with data from the USRDS.  
• 117,050 patients contributed 776,203 unique iron exposure 
periods.  
• There were no consistent associations of either high or 
bolus dose vs. low or maintenance respectively among pre-
specified subgroups. 



Emerging Links Between Iron and Vascular 
Calcification and Bone Mineral Metabolism 

The most common 
adverse event 
associated with ferric 
carboxymaltose was 
asymptomatic hypo-
phosphatemia.  

TRANSFUSION  Volume 49, December 2009 



Proc Natl Acad Sci U S A. 2011;108:E1146-55. 

Iron deficiency stimulates FGF23 transcription in osteocytes 

• A negative relationship 
between iron administration and 
serum iFGF23 level in a dialysis 
population.  

Clin Exp Nephrol (2013) 17:416–423 

• If high levels of FGF23 are 
harmful, iron therapy may have 
a beneficial effect on bone 
metabolism by reducing FGF23 
levels in a dialysis population. 



BMC Nephrology 2013, 14:167 

• Ferric carboxymaltose induces reduction in serum 

phosphate levels that persists for three months.  

• Ferric carboxymaltose causes a significant 

decrease in C-terminal FGF23 levels 



• Iron deficiency associated with normal intact FGF23 but 
markedly higher c-terminal FGF23.  
• I.v. iron lowers c-terminal FGF23 in humans by reducing fgf23 
transcription. 

Journal of Bone and Mineral Research, Vol. 28, No. 8, August 2013, 

FCM; Ferric carboxymaltose 

FCM leads to phosphate  
wasting 



fgf23 transcription in osteocytes 
is up-regulated by iron 
deficiency, but a counter-
balancing increase in post-
translational FGF23 cleavage 
maintains normal net production 
of intact protein. 

Correction of iron deficiency with 
iron dextran restores normal 
fgf23 transcription, thereby 
decreasing production of FGF23 
fragments while maintaining 
normal production of intact protein. 

Correction of iron deficiency with ferric 
carboxymaltose restores normal fgf23 
transcription, but production of intact 
FGF23 protein increases, perhaps 
because of a greater magnitude of 
concomitant inhibition of FGF23 
cleavage by carboxymaltose. 

Journal of Bone and Mineral Research, Vol. 28, No. 8, August 2013, pp 1793–1803 

Conclusion: We need to learn more about 

the interactions between iron deficiency and 

effects of different iron solutions on mineral 

metabolism and vascular calcification 

cFGF23 

iFGF23 



Iron overload in 
mice results in 
increased bone 
resorption and 
oxidative stress, 
leading to bone 
loss. 

Journal of Bone and Mineral Research, Vol. 25, 2010, pp 164–172 

Osteoporos Int. 2013 Oct;24(10):
2627-37.  



Novel Data Indicate Suppressive Effect of 
Iron Overloading on Vascular Calcification 

J Am Soc Nephrol. 2009 Jun;20(6):1254-63.  

Nutr Metab Cardiovasc Dis. 2011 Aug;21(8):568-75. 

On the other hand….. 

Iron dextran reduced Runx2 and the phosphate transporter Pit-1  

Induction of heme oxygenase/ferritin system prevented phosphate mediated calcification 

Iron compartmentalization into macrophages 
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Stenvinkel and Barany. Contrib Nephrol. 2012;178:35-9.  

InflammaCon	
(IL-6)	

+	
STAT3 

The expression of hepcidin is regulated in response 
to iron administration, erythropoietic demand, 
hypoxia and inflammation 

Hepcidin inhibits iron efflux from ferroportin-
expressing cells, such as duodenal enterocytes, 
reticuloendothelial macrophages and hepatocytes 

Plasma	
iron	

Increased hepcidin may increase iron deposition 

in macrophages which enhance oxidative stress 

in atherosclerotic plaques 



Is Increased Hepcidin Pro-atherogenic? 

Arterioscler Thromb Vasc Biol 2014 

Arterioscler Thromb Vasc Biol. 2011 

Arterioscler Thromb Vasc Biol 2012 



• Hepcidin-25 was associated with fatal and non-fatal CV events 
• Inflammation appears to be a significant confounder in the relation between hepcidin and mortality 

Nephrol Dial Transplant. 2013 Dec;28(12):3062-71 
405 pts in CONTRAST study 



 Nephrol. Dial. Transplant. 2011;26:184-190 



Model	 Prediction of ESA dose (U/kg/week)	 β (SE)	 r2	 P-value	

1	 Total testosterone (in nmol/L)	 −0.28 (2.3)	 0.05	 0.007	

2	 1 + Age (in years) and SHBG (in nmol/L)	 −0.28 (2.5)	 0.04	 0.004	

3	 2 + Davies comorbidity score	 −0.27 (2.4)	 0.06	 0.006	

4	 3 + CRP (in mg/L) and albumin (in g/L)	 −0.26 (2.6)	 0.06	 0.02	

5	 4 + hypochromic RBCs (≤1.1 versus >1.1%)	 −0.14 (2.9)	 0.18	 0.2	

Odds Ratio  95% CI P value 

Testosterone deficiency <10 nmol/L 2.68 1.17-6.14 0.001 

Probability	to	poor	ESA	responsiveness	(ESA	wk/Kg<121)	in	ESA	treated	hemodialysis	men.	

Adjusted	for	age,	SHBG,	co-morbidiCes,	albumin,	CRP	

Nephrol Dial Transpl 2012 



J Clin Endocrinol Metab. 2010 Oct;95(10):4743-7.  



Early	changes	in	hepcidin	levels	
were	predicBve	of	subsequent	
changes	in	hemoglobin	and	
hematocrit	



Inhibi-on	of	Hepcidin	
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