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ABSTRACT

Background: Parenteral iron administration is restricted to large polymeric iron-carbohydrate com-
plexes that are stored and processed in the reticuloendothelial (RE) system. Soluble ferric
pyrophosphate (SFP) is the only simple iron complex appearing to be safe and effective for parenteral
administration (Gupta 1999). If SFP delivers iron directly to human apo-transferrin (apo-Tf),
inflammation-induced RE block will be overcome and iron-induced redox reactions and iron
acquisition by bacteria prevented. The kinetic efficiency of iron loading of apo-Tf at pH 7.4 provides a
physico-chemical measure of iron bioavailability.

were measured by UV absorbance at 470 nm, the absorbance maximum for holo-Tf by the method of
Bates, 1967.

and most of the iron bound within 10 min (Figures 1 & 2). SFP-derived iron is taken up by apo-Tf more
rapidly than and with the same near quantitative efficiency as from ferric-NTA (a control material
known to transfer iron rapidly and completely to Tf).

circulating apo-Tf within minutes of exposure. Clinical trials are underway to confirm that SFP can be
effectively and safely administered via hemodialysis solution to ESRD
patients.

BACKGROUND & RATIONALE

Iron is administered intravenously when oral iron either is not tolerated or is deemed insufficient
to maintain iron balance. Clinically, parenteral iron administration is restricted to infusion of
large polymeric iron-carbohydrate complexes, since infusions of simple iron salts have been
found to be too toxic as a consequence of their release of ionized iron (i.e., labile iron or free
iron) (Stockman 1893, Geisser 1992). Systemic release of free iron causes oxidant injury,
cytotoxicity and vasomotor collapse.

Soluble Ferric Pyrophosphate (SFP) is a highly water-soluble iron chelate in which Fe+3 is
sequestered by coordinative covalent bonding to inorganic pyrophosphate (PPi-3) and citrate
(US Pharmacopiea VIIl). SFP appeared to be an ideal candidate for administration parenterally by
way of the facts that:

 |ron binds to the ligands in SFP with stability constants in the range 1020 to 1030 (Sillen
1964, Escoda 1999), indicating a stable iron complex. By comparison, polymeric iron
complexes exhibits iron affinities of 103 to 106, indicating a significantly less stable iron
complex.

e SFP is devoid of any carbohydrate moiety, and is therefore less likely to cause anaphylactoid
reactions or other hypersensitivity reactions (Gupta 2000). SFP is the only iron salt lacking
carbohydrate that appears to be safe and effective for parenteral administration (Gupta 1999).

e The pyrophosphate ligand in SFP may provide additional benefit.

o Pyrophosphate (PPi) per se is known to be an antioxidant (Cervato 1990, Cervato 1993).

o Furthermore, PPi is reported to be a potent inhibitor of vascular and soft tissue calcifica
tion, whereas colloidal iron compounds may promote vascular calcification. (Fleisch
19695, Fleisch 1962, Fleisch 1966, Gabbiani 1963)

o Plasma PPi levels in hemodialysis patients are on an average about 30% lower compared
to the general population (Lomashvili 2005). SFP has 4.7% to 20% content of PPi (wt/wt)
and would act to restore the hemodialysis patient’s subnormal PPi level towards normal.

o The PPi anion has been shown to promote iron transfer from Tf (Pollack 1977, Carver
1978, Konopka 1980A, Konopka 1980B, Konopka 1981, Morgan 1979, Morgan 1977) and
mi tochon dria. (Konopka 1980; Nilsen 1983). PPi was also shown to facilitate transfer
of iron from Tf to ferritin. (Konopka 1980A, Konopka 1981). These known properties of
PPi anion suggest that administration of a salt containing both Fe(lll) and PPi, as is the
case with soluble ferric pyrophosphate (SFP), should lead to rapid and complete transfer
of SFP derived iron to apo-Tf and the normal iron transport cycle.

e When SFP is administered via the hemodialysate during the course of a dialysis session, an
increase in serum iron and Tf saturation is observed that starts declining rapidly at the end
of a dialysis session. This decline is marked by a > 25% decline in serum iron level within an
hour after the infusion of SFP is ended and a return of iron levels to baseline within 48 hrs
(Gupta 1999).

e When SFP is administered via the hemodialysate during the course of a dialysis session, an in
crease in serum iron and Tf saturation is observed that starts declining rapidly at the end of a
dialysis session. This decline is marked by a > 25% decline in serum iron level within an
hour after the infusion of SFP is ended and a return of iron levels to baseline within 48 hrs
(Gupta 1999).

 The relatively rapid disappearance of SFP from the circulation suggests that the ferric iron
(Fe+3) component of soluble ferric pyrophosphate (SFP) is transferred to apo-Tf (apo-Tf).

 The rate of SFP-derived iron-binding by apo-Tf apparently is rapid but has not been
determined. The extent of SFP-derived iron-binding by apo-Tf has not been determined.

HYPOTHESIS

Iron from SFP is rapidly and efficiently transferred to human apo-Tft.

METHODS

The rate and extent of iron uptake from SFP to the two iron-binding sites of human apo-Tf was determined by the
method of Bates (Bates 1967). An iron source was added to a solution of human apo-Tfin 5 x 10-3 M Tris buffer
containing 5 x 10-2 M bicarbonate, pH 7.5 at 25.0 °C. The binding of iron to apo-Tf was monitored at 470 nm
(absorption maximum for Fe(lll)Tf) at 10 sec intervals until an apparent absorbance maximum was reached. In
most experiments, the control chelating agent was a Fe(lll)-nitrilotriacetic acid (Fe-NTA) complex that was prepared
in the same buffer by reacting ferric sulfate with NTA. (Chelating agents such as NTA form dimeric iron-containing
complexes but do not polymerize in the pH region of 7.0 to 8.0. The complex is known to
exchange iron with apo-Tf rapidly and efficiently.) In some experiments, the control was an ammonium iron(ll)
sulfate solution in the buffer. Ammonium iron(ll) sulfate is a soluble iron salt that is known to oxidize and
exchange iron with apo-Tf rapidly and efficiently.

Kinetics & Extent of Iron Uptake with Iron in Slight Excess

To determine the kinetics and extent of iron uptake when iron was in slight molar excess over human apo-Tf, iron
solutions in Tris buffer, pH 7.5, were prepared at a target iron concentration of 75% of the empirically
determined apo-Tf binding capacity for iron. Absorbance values were determined every hour until an apparent
absorbance maximum was reached, indicating the reaction was complete. The absorbance at 280 nm was
recorded, and the absorbance ratio of 280 nm and 470 nm was used to calculate percent saturated Tf¥.

Kinetics & Extent of Iron Uptake with Apo-Tf in Slight Excess

To determine the elapsed time for 100% binding of iron, human apo-Tf (1.4 x 10-4 M) and SFP (2 x 10-4 M) were
incubated in Tris buffer, pH 7.5. In theory, 1 mole of apo-Tf reacts with 2 moles of iron in solution. Combining
equimolar amounts of each in solution provided iron binding sites on apo-Tf in sufficient excess to ensure that
no iron remained unreacted. Absorbance at 470 nm was monitored.

RESULTS

Kinetics & Extent of Iron Uptake by Apo-Tf (Iron in Excess)

* Iron from SFP was taken up rapidly by apo-Tf, with 50% of iron uptake complete within one minute
and most of the iron bound within 10 min (Figures 1 and 2). By comparison, iron exchange between
ferric citrate and apo-Tf requires hours. (See Figure 1B, which is taken from Bates 1967)

 SFP-derived iron is taken up by apo-Tf more rapidly than and with the same near quantitative effi
ciency as from ferric-NTA (a control material known to transfer iron rapidly and completely to Tf).

 Theoretically, at the apo-Tf concentrations used, a maximum absorbance of 0.33 absorbance units
(AU) was calculated. The mean * standard deviation absorbance at 470 nm at 100% loading was
0.286 + 0.004 AU for SFP, confirming that saturation of both apo-Tf iron-binding sites was complete
+/- 15%.

 The ferric iron-NTA control showed a very rapid increase in absorbance (Figures 1 & 2), but the
maximum absorbance did not reach expected levels (about 0.33 AU). The maximum absorbance
for the ferric-iron-NTA control was approximately 0.23 AU. The rate of uptake was determined, and
the 100% and 50% iron binding times were quite comparable with those of the SFP.

Kinetics & Extent of Iron Uptake with Apo-Tf in Slight Excess

 The times to maximum iron uptake from SFP were significantly longer when performing the reac
tion with a slight excess of apo-Tf binding sites (Figure 3). The maximum absorbance at 100% load
ing was similar to that observed in the first experiment and within 15% of the maximum theoretical
absorbance for ferric Tf.

Verification of Total Iron Uptake by Apo-Tf (Protein in Excess)

Verification of iron uptake was obtained by comparing the kinetics of iron exchange between apo-Tf
and ferrous ammonium sulfate or SFP under conditions where the concentration of apo-Tf binding
sites greatly exceeded the iron concentration. In these experiments (Figure 4):

* The rate of iron uptake was not linear.

e Saturation of both binding sites on the protein was incomplete, and an equilibrium mixture of holo-
Tf and diferric Tf is obtained (Chasteen 1981).

 Equivalent concentrations of iron react with apo-Tf to provide identical equilibrium mixtures of
iron-bound Tf, irrespective of whether the iron source is ferrous ammonium sulfate or SFP.
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Figure 1A. Kinetics of iron exchange between Tf (1.4 x 10-4 M metal binding equivalents) and Soluble Ferric Pyrophosphate
(SFP, 2 x 10-4 M; ¢) or Ferric Sulfate-Nitrilotriacetic Acid (Ferric-NTA, 2 x 10-4 M); =) in Tris/HCO3- buffer, pH 7.5. (1B). Note the
difference in time scales between Figure 1A (Minutes) and 1B (Hours)
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Figure 1b. Kinetics of iron exchange between human apotransfer-
rin (0.94 x 10-4 M metal-binding equivalents) and Ferric Citrate (0.94 x

10-4 M) in 5 x 10-3 M Tris-HCI buffer, pH 7.5 (from Bates 1967).
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Figure 3. Kinetics of iron exchange between human apotransferrin (Tf)
and SFP under two conditions: (a) the molar ratio of iron to Tf metal-
binding equivalents is 0.5:1 (where complete exchange requires approxi-

mately 42 minutes); and (b) the molar ratio of iron to Tf metal-binding
equivalents is 1:1 (where complete exchange requires about 7 minutes).
[Tf]=1.4 x 10-4 M in Tris/HCO3- buffer, pH 7.5.

Figure 2. Kinetics of iron exchange between human apotransferrin (1.4
x 10-4 M metal-binding equivalents) and Soluble Ferric Pyrophosphate
(SFP, 2 x 10-4 M; ¢) or Ferric Sulfate-Nitrilotriacetic Acid (Ferric-NTA, 2
x 10-4 M); =) chelates in Tris/lHCO3- buffer, pH 7.5, during the first
minute of reaction.
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Figure 4. Kinetics of exchange between human apotransferrin (Tf, 1.4 x 10-4 M
metal-binding equivalents) and SFP (1 x 10-4 M; ¢) or Ferrous Ammonium Sulfate (1
x 10-4 M; =) in Tris/HCO3- buffer, pH 7.5. Note the similarity in rates of exchange and
the extended time required for exchange to pro ceed to completion.

MEDICAL

DISCUSSION

In patients with concomitant inflammation, e.g., patients with cancer, diabetes, or chronic
kidney disease, the release of iron from RES is attenuated, secondary to release of hepcidin
that blocks the ferroportin-1, the iron export protein. The resulting RE block is the principal
mediator of anemia or inflammation. This process leads to a resistance to erythropoietin
action. Furthermore, iron loading with intravenous iron per se leads to release of hepcidin,
further worsening the RE block, e.g. a hemodialysis patient with ferritin of 11 pg/L received
80 mg IV iron per week for 8 weeks leading to an increase in serum ferritin to 273 ug/L, while
there was a gradual 22-fold increase in serum hepcidin-25 level (Tomosugi 2006). Direct and
rapid delivery of iron in SFP to apo-Tf, as demonstrated in Figures 1 & 2 above, is likely to
facilitate delivery of iron to the red cell precursors even in the setting of a concomitant state.

The rapid exchange of SFP-derived iron with apo-Tf is likely to account for the rapid turnover
and short half-life of SFP in the blood compartment. A completed clinical study has
demonstrated that when administered via the hemodialysate during the course of a dialysis
session, SFP leads to an increase in serum iron and Tf saturation that starts declining
rapidly at the end of a dialysis session. (Gupta 1999) This decline is marked by a > 25%
decline in serum iron level within an hour after the infusion of SFP is ended and a return of
iron levels to baseline within 48 hrs. The relatively rapid disappearance of SFP from the cir-
culation and direct binding to apo-Tf is likely to confer potential advantages compared to the
iron-carbohydrate complexes with respect to less availability for uptake by microorganisms
for their growth and thereby reduced risk of infections. Furthermore, rapid binding of SFP
derived iron to apo-Tf is expected to reduce the risk of iron-induced oxidative stress. These
clinically important issues are being addressed in ongoing clinical studies of SFP as an iron
supplement delivered via the dialysate in ESRD patients receiving chronic hemodialysis.

CONCLUSIONS

*The rate of iron uptake from SFP by apo-Tfis rapid. About 90% saturation of the
iron-binding sites on the protein is reached within 10 minutes.
Experimental absorbance maxima were within expected theoretical values, confirm

ing that all available iron present in SFP samples was delivered to both iron-binding
sites on Tft.

*The calculated % Tf saturation from SFP was nearly identical to the average % satu
ration for the ammonium iron(ll) sulfate standard. These data provide independent
confirmation that iron binding from SFP is rapid and complete.
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