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Abstract
Fluorescence emission of free protoporphyrin IX (PPIX, em. , 626 nm), zinc protoporphyrin IX (ZPP, em. , 594 nm) and
fluorescent heme degradation product (FHDP, em. , 466 nm) are identified and simultaneously detected in mouse
and human red cell hemolysates, when excited at 365 nm. A novel method is established for comparing relative FHDP, PPIX
and ZPP levels in hemolysates without performing red cell porphyrin extractions. The ZPP fluorescence directly measured in
hemolysates (F365/594) correlates with the ZPP fluorescence obtained from acetone/water extraction (R 2 ¼ 0.9515,
P , 0.0001). The relative total porphyrin (ZPP and PPIX) fluorescence obtained from direct hemolysate fluorescence
measurements also correlates with red blood cell total porphyrins determined by ethyl acetate extraction (Piomelli extraction,
R 2 ¼ 0.88, P , 0.0001). These fluorescent species serves as biomarkers for alterations in Hb synthesis and Hb stability.

Keywords: Porphyrins, fluorescence, heme degradation, oxidation, hemoglobins

Abbreviations: Hb, hemoglobin(s); ROS, reactive oxidative species; PPIX, protoporphyrin IX; ZPP, zinc protoporphyrin IX;
FHDP, fluorescent heme degradation product; RBC, red blood cell(s); em., emission; ex., excitation

Introduction

Reactive oxidative species (ROS) are linked to diverse

pathophysiologies (e.g. neurodegenerative diseases,

diabetes mellitus, end-stage renal disease, cardio-

vascular, autoimmune diseases and aging). Hemoglobi-

nopathies, arising from unstable hemoglobins and/or

ineffective globin chain synthesis, give rise to heme

degradation products and ROS. HbE provides the

example of the coupling of an unstable Hb with

abnormal b-chain synthesis [1]. The instability of

sickle cell hemoglobin (HbS) and the cascade of events

generating intracellular ROS have been described in

detail by Hebbel and others [2–5]. The clinical

course of thalassemia arises from an imbalance in

globin chain production. In b-thalassemia, b-globin

chains are not produced at all (b0-thalassemia) or in less

quantities resulting in the excess highly unstable

a-chains that ultimately give rise to ROS [6,7]. Thus,

the development of efficient assays to detect ROS and

markers of oxidative stress are important for efforts

aimed at defining pathophysiological mechanisms.

It has been demonstrated in RBC that non-

enzymatic heme degradation is initiated by the

autooxidation of hemoglobin (Hb) [8–12] which is

normally limited by RBC antioxidants. In the presence

of highly unstable Hb, ROS overwhelm the red cell
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antioxidant systems and randomly attack the carbon–

methene bridges of the heme moiety tetrapyrrole

rings, resulting in fluorescent heme degradation

products (FHDPs) and release of free iron [8–12].

Consequently, FHDPs become useful as a sensitive

probe to assess the stability of Hb as well as RBC

oxidative stress in the peripheral circulation [13–15].

The utility of this assay is demonstrated by signifi-

cantly elevated levels of FHDP (4–10 fold increases)

in transgenic sickle cell mice and thalassemic mice,

compared to normal C57 mice [11].

While FHDP serves as a sensitive biomarker of Hb

oxidation, elevated RBC porphyrin levels tend to

reflect abnormalities in Hb synthesis and/or heme

degradation. Free protoporphyrin IX (PPIX) is the

intermediate metabolic precursor of the heme

molecule. The insertion of ferrous iron into PPIX,

catalyzed by the enzyme ferrochelatase, is the final

step of heme biosynthesis. A small portion of PPIX

normally escapes this process and low levels of free

PPIX are observed in erythrocytes. Elevated zinc

protoporphyrin (ZPP) levels are observed in iron

deficiency anemia and in lead poisoning.

Clinically, the erythrocyte protoporphyrin (both

PPIX and ZPP) assay is used to classify RBC disorders

resulting from a decrease in heme synthesis (e.g. iron

deficiency), chronic diseases, lead toxicity, erythro-

poietic protoporphyria, disorders of globin production

(e.g. thalassemia syndromes), HbC and HbE dis-

orders [16–24]. Indeed, free erythrocyte proto-

porphyrin levels are a function of three interrelated

factors: Iron supply, heme synthesis and levels of

erythropoiesis [25,26]. It is well established that

erythrocyte protoporphyrin levels increase in diseases

associated with heme synthesis disorders. In addition,

elevation of erythrocyte protoporphyrin has also been

reported in diseases that exhibit a marked increase in

erythropoiesis, such as, sickle cell disease [27–29],

severe haemolytic anemia and thalassemia major

[17,30].

In the present study, the fluorescence emission of

PPIX, ZPP and FHDP are detected and identified

simultaneously in one fluorescence spectral scan of

RBC hemolysates from human and transgenic mice.

This one-step method is an extension of the study of

Nagababu and Rifkind [8–12] who earlier reported

that porphyrin fluorescence was not detected by their

oxyHb and red blood cell autooxidation or H2O2

oxidation fluorescence assays. A novel and simple

direct spectroscopic method is presented that com-

pares the fluorescence emissions of FHDP, PPIX and

ZPP in RBC hemolysates. The validation of the

method is demonstrated by significant correlations

with the established extraction procedure [31,32].

Simultaneous detection of these three parameters

provides insight into Hb instability and Hb synthesis,

both of which are important for detailing patho-

physiological mechanisms of hemoglobinopathies.

This direct spectroscopic method is less laborious

and, moreover, has the potential for development as a

clinical indicator of oxidative stress arising from

diseases associated with Hb instability and/or ineffec-

tive erythropoiesis.

Materials and methods

Mouse blood was drawn from the tail vein into

heparinized capillary tubes using a protocol approved

by the animal study committee of the Albert Einstein

College of Medicine. The blood was washed three

times against isotonic mouse saline (330 m osm) and

centrifuged. After removing the supernatant, the

packed RBC were lysed in two volumes of distilled

water. The lysate was frozen and thawed three times

for complete lysis. The concentration of hemolysates

was measured by determining the absorbance at

540 nm after conversion to cyanmet Hb by the

addition of Drabkin reagent. The samples were

diluted with pH 7.35 potassium phosphate buffer,

0.05 M.

PPIX standards (in aliquots of 5mg) and solid ZPP

(not standard, in aliquot 5 mg) were obtained from

Frontier Scientifics ((formerly Porphyrin Products),

Logan, UT). The PPIX standard (5mg) was dissolved

in 100ml “Proto–Solv” provided by the company,

then further diluted with 10 ml 0.05 M pH 7.35

phosphate buffer. The concentration of PPIX stock

solution was calculated from its absorption at 408 nm

in 2.7 N HCl (extinction coefficient 1 ¼ 241 mM).

ZPP was dissolved in 0.1 M NaOH. The concen-

tration of ZPP stock solution was calculated from its

absorption at 415 nm in 100% ethanol (1 ¼ 115 mM).

Working solutions of PPIX and ZPP were prepared in

pH 7.35 potassium phosphate buffer.

Single spectral scan fluorescence assay

A Perkin–Elmer 650–10S spectrofluometer with right

angle optics was used to record the fluorescence

spectra of FHDP (excitation (ex.) 365 nm, emission

(em.) 466 nm), PPIX (ex. 365 nm, em.626 nm) and

ZPP (ex. 365 nm, em. 594 nm) in hemolysates

(50mM heme in pH 7.35 50 mM potassium phos-

phates). For fresh hemolysates without any exogenous

oxidants, the fluorescence emissions of FHDP, PPIX

and ZPP were measured immediately after prep-

aration and concentration determination of the

hemolysate.

Piomelli extraction assay for total porphyrins and ZPP

Hemolysate total porphyrins were extracted by ethyl

acetate/acetic acid (4:1) as described by Piomelli [31].

The ratio of ZPP to total porphyrins was obtained

from acetone/water (4:1) extraction as described by
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Hart and Piomelli [32]. For a direct porphyrin

assessment, a 300ml hemolysate (1.0 g% in 0.9%

NaCl) was used for porphyrin extraction instead of

20ml whole blood as described by Piomelli [31].

Results

Autoxidation and H2O2-induced oxidation of mouse

hemolysates

The propensity of Hb to oxidize has clinical

significance for a variety of hemoglobinopathies. The

oxidation of purified Hb or red cell hemolysates

generates a variety of by-products and potential ROS.

It has been shown that autooxidation of oxyHb results

in the production of superoxide anions that dismutate

to form H2O2 [9]. Thus, in both autooxidation and

H2O2 oxidation of oxyHb, ferrous and ferric Hb react

with H2O2 to form oxyferryl Hb, along with the

formation of two FHDPs: Compound I exhibits a

321 nm excitation maximum and 465 nm emission

maximum, while compound II exhibits an excitation

of 460 nm, with emission at 525 nm [7–10].

Compound I has thus far been identified as a dipyrrole

derivative, while compound II remains elusive [11].

The fluorescence excitation and emission spectra of

FHDP in a HbE mouse [33] (partial mouse a and b

globin knockout) hemolysate (in the absence and

presence of H2O2) are shown in Figure 1(a)–(c). In

the absence of H2O2, FHDP exhibits excitation peaks

at ,321 and ,365 nm (constant emission, 466 nm).

The ,365 nm excitation efficiency is 75% of the

excitation at ,321 nm, and becomes gradually

masked by the increasing intensity of the 321 nm

Figure 1. Fluorescence excitation spectra (a) and emission spectra (b), (c) of FHDP in a HbE transgenic mouse hemolysate in the absence

and presence of varying concentrations of hydrogen peroxide. (50mM heme, 50 mM pH 7.35 potassium hemolysates, a 10 nm excitation and

emission slit width, sensitivity gain 10). (a) excitation spectra at varying ratios of H2O2/Hb, (b) emission spectrum in the absence of H2O2,

(c) emission spectrum in the presence of 20:1 H2O2/Hb. The constant fluorescence emission is at 466 nm for excitation spectra (a) and

the excitations are at 321 nm for emission spectra (b), (c).
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excitation maximum upon H2O2 oxidation

(Figure 1(a)). This phenomenon is also seen for the

autooxidation and H2O2 oxidation of purified

hemoglobins.

As mentioned above, both autooxidation and H2O2

oxidation generate identical fluorescent products.

However, the presence of a large excess of H2O2

results in increased heme degradation and more

FHDP compared to autooxidation (Figure 1(b) and

(c)). Therefore, as more Hb is degraded by H2O2, the

solution composition consists of less intact Hb and

more FHDP molecules. Nevertheless, FHDP are

indicators of heme degradation by ROS, since an

increase in FHDP is observed in cells [11] with

unstable Hb known to generate elevated levels of ROS

[2–7].

Fluorescence emissions of PPIX and ZPP are detected

in the FHDP fluorescence emission spectral scan

Excitation of a HbE mouse (partial mouse a and b

globin knockouts) hemolysate at 365 nm results in a

typical fluorescence emission of FHDP

(em. , 466 nm) and two porphyrin-like fluorescence

emissions at ,594 and 626 nm (Figure 2). Although,

the 365 nm excitation results in only 75% of the

fluorescence intensity of the FHDP as compared to

that excited at 321 nm, the advantage of selecting the

365 nm excitation is that the fluorescence emissions of

the three fluorescent species are recorded in one

spectral scan.

Note that PPIX fluorescence is pH-dependent due

to the protonation of four pyrrole nitrogens. The four-

protonated form of PPIX (PPIX at acidic solutions)

has fluorescence emission at ,600 nm, whereas the

two-protonated PPIX (at neutral pH) and non-

protonated PPIX (basic pH) have a fluorescence

emission at ,626 nm [34]. However, the observed

fluorescence emission at 594 nm does not originate

from the four-protonated form of PPIX, since at

neutral pH, the two-protonated form of PPIX

predominates. Indeed, since the signature of ZPP

fluorescence emission maximum is at ,594 nm, the

,594 nm emission peak in the hemolysate is assigned

to ZPP.

The presence of both ZPP and PPIX in the

hemolysates is corroborated by their differential

responses to pH changes. Figure 3 shows the effect

of pH on the fluorescence emissions of a hemolysate at

594 and 626 nm. The 626 nm emission, presumably

due to PPIX, exhibits a sigmoid shape pH titration

curve over the pH range 6–8, consistent with the

deprotonation of pyrrole nitrogen in the PPIX

tetrapyrrole ring. In contrast, the ,594 nm emission

does not respond to pH changes over the pH range

6–8, since all pyrrole nitrogens in ZPP are covalently

bound to zinc(II) (i.e. no protonation of the pyrrole

nitrogen).

In order to further prove that the 626 nm emission,

originating from the hemolysate, is due to PPIX

emission, a standard PPIX solution (at pH 7.35

potassium phosphate) is titrated into a HbE

transgenic mouse hemolysate. Upon adding PPIX,

the ,626 nm emission proportionally increases

(Figure 4(a)–(e)), while the emission at 594 nm

does not change and eventually becomes masked by

the increasing 626 nm emission. Normalized fluor-

escence excitation spectra were super-imposable

before and after PPIX titration (Figure 4(f),(g)). As

a control, titration of the hemolysate with a

coproporphyrin IX solution results in a fluorescence

increase at 615 nm (a ,10 nm-deviation from the

intrinsic 626 nm emission of hemolysate (data not

shown)), negating its contribution to the 626 nm

emission. Therefore, the 626 nm emission observed in

the hemolysate prior to PPIX titration originates from

erythrocyte PPIX.

Likewise, a standard ZPP solution (at pH 7.35

potassium phosphate) is titrated into a HbE transgenic

mouse hemolysate in order to further prove that

Figure 2. A typical fluorescence excitation at 365 nm results in

fluorescence emissions of FHDP (em. 466 nm), ZPP (em. 594 nm)

and PPIX (em. 626 nm) in a HbE transgenic mouse hemolysate.

50mM heme at 50 mM pH 7.35 potassium phosphates.

Figure 3. The effect of pH on the 594 nm (open circles, dashed

line) and 626 nm (solid circle, solid line) fluorescence emissions in a

HbE transgenic mouse hemolysate. 50mM heme, 50 mM pH 7.35

potassium phosphates, fluorescence excitation at 365 nm.
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the ,594 nm emission is due to the presence of ZPP.

Upon addition of ZPP, the ,594 nm emission

proportionally increases (Figure 5(a–e), (f–g)). Again,

normalized fluorescence emission and excitation spec-

tra are super-imposable before and after ZPP titration

(Figure 5(f),(g)). It is noteworthy that both ZPP and

PPIX have excitation peaks at 360–375 nm that is close

to the secondary excitation peak (ex. , 365 nm)

observed in FHDPs (Figure 1). Therefore, a single

excitation at 365 nm detects the presence of FHDP,

ZPP and PPIX in hemolysates (Figure 2). In addition,

the fluorescence intensities of ZPP and PPIX increase

when incubating the hemolysate with H2O2 (Figure 6).

This is likely due to enhanced heme degradation in

550 570 590 610 630 650 670 690 550 570 590 610 630 650 670 690

340 380 420 460 500 540

340 380 420 460 500 540

550 570 590 610 630 650 670 690

550 570 590 610 630 650 670 690

Wavelength (nm)

R
el

at
iv

e 
Fl

uo
re

sc
en

ce
 I

nt
en

si
ty

10

20

30

40 (a) (e)

(g)

(f)

(b)

(c)

(d)

R
el

at
iv

e 
Fl

uo
re

sc
en

ce
 I

nt
en

si
ty

550 570 590 610 630 650 670

10

20

30

40

Wavelength (nm)

R
el

at
iv

e 
Fl

uo
re

sc
en

ce
 I

nt
en

si
ty

Wavelength (nm)

10

20

30

40

R
el

at
iv

e 
Fl

uo
re

sc
en

ce
 I

nt
en

si
ty

20

30

40

50

60

70

10

Wavelength (nm)

R
el

at
iv

e 
Fl

uo
re

sc
en

ce
 I

nt
en

si
ty

Wavelength (nm)

10

20

30

40

50

60

70

80

Wavelength (nm)

10

20

R
el

at
iv

e 
Fl

uo
re

sc
en

ce
 I

nt
en

si
ty

Wavelength (nm)

10

20

30

R
el

at
iv

e 
Fl

uo
re

sc
en

ce
 I

nt
en

si
ty

Figure 4. Fluorescence emission (a)–(e) and excitation spectra (f), (g) of a HbE transgenic mouse hemolysate (partial mouse a and b globin

knockouts) upon titrating with a PPIX standard solution. 50mM heme, 50 mM pH 7.35 potassium phosphates. (a) 0mM PPIX; (b) 0.29mM

PPIX; (c) 0.58mM PPIX; (d) 1.16mM PPIX; (e) 1.72mM PPIX; (f) 0mM PPIX; (g) 0.58mM PPIX. Fluorescence excitation is at 365 nm for

the emission spectra (a)–(e) and the emission is at 626 nm for the excitation spectra (f), (g).
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the presence of H2O2 and concomitant decreased

quenching of porphyrin fluorescence by the heme.

Derivation of the direct spectral determination of the

relative total porphyrins and percent ZPP in hemolysates

As shown in Figure 4, PPIX contributions are

insignificant at the ZPP primary emission peak

(,594 nm), since this peak does not increase upon

PPIX titration. In contrast, the 626 nm emission

corresponds to the fluorescence of PPIX with a

contribution by the secondary ZPP emission at

,626 nm (Figure 5). Consistently, in a separate

titration of HbE mouse hemolysate with ZPP and

PPIX, the ZPP fluorescence emission (F365/594) does

not change during PPIXtitration (Figure 7). Incontrast,

Figure 5. Fluorescence emission (a)–(e) and excitation spectra (f), (g) of a HbE transgenic mouse hemolysate upon titrating with a ZPP

solution. 50mM heme, 50 mM pH 7.35 potassium phosphates. (a) 0mM ZPP; (b) 0.10mM ZPP; (c) 0.25mM ZPP; (d) 0.40mM ZPP;

(e) 0.59mM ZPP; (f) 0mM ZPP; (g) 0.25mM ZPP. Fluorescence excitation is at 365 nm for the emission spectra (a)–(e) and the emission

is at 594 nm for the excitation spectra (f), (g).
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the PPIX fluorescence emission (F365/626) increases

during ZPP titration (Figure 7). Based on the slopes of

the titration curves, the ratio of ZPP fluorescence

intensity at the secondary emission (626 nm) and the

primary emission (594 nm) can be determined

(10.429/51.406 ¼ 0.20). Therefore, while the observed

fluorescence intensity at,594 nm (Fhemolysate
365=594

, Figure 2)

is directly measured as hemolysate ZPP fluorescence

(FZPP
365=594), the PPIX fluorescence is assessed by the

626 nm emission after deducting the contribution of the

ZPP secondary emission at 626 nm, equation (1),

FPPIX
365=626 ¼ F

hemolysate
365=626

2 FZPP
365=626 ð1Þ

whereFPPIX
365=626 refers to the net PPIX fluorescence in the

hemolysate with 365 nm excitation and 626 nm emis-

sion; F
hemolysate
365=626

is the observed hemolysate fluorescence

at 626 nm with excitation at 365 nm and FZPP
365=626 is the

secondary fluorescence emission of ZPP at ,626 nm

(ex. 365 nm). In the case of elevated ZPP, the

contribution to the 626 nm may be greater. However,

subtraction of the ZPP fluorescence at 626 nm

eliminates this contribution and yields a more realistic

relative amount.

Substituting FZPP
365=626 in equation (1) with FZPP

365=594 £

0:20 (the ratio between the ZPP secondary fluor-

escence at 594 nm and primary fluorescence at

626 nm (Figure 7) as described above), the net PPIX

fluorescence at ,626 nm can be obtained from

equation (2).

FPPIX
365=626 ¼ F

hemolysate
365=626

2 FZPP
365=594 £ 0:20

� �
ð2Þ

After obtaining the net PPIX and ZPP fluorescence

in the hemolysate, the relative total porphyrin

fluorescence (Frelative total PPIX
365=626 ) can be calculated. The

ratio of the fluorescence quantum yields of ZPP to

PPIX in the hemolysates is determined so that the

observed ZPP fluorescence can be “converted” to the

corresponding PPIX fluorescence. Thus, the total

relative porphyrin fluorescence is the sum of the net

PPIX fluorescence and the converted ZPP

fluorescence.

It is observed that at a 1:1 molar ratio of ZPP and

PPIX, the fluorescence emission at ,626 nm is

much greater than that at , 594 nm. The fluor-

escence quantum yield ratio of PPIX and ZPP

Figure 6. Fluorescence emissions of hemolysate ZPP and PPIX as

a function of H2O2 concentration. 50mM heme, 50 mM pH 7.35

potassium phosphates. The hemolysates were derived from a HbE

transgenic mouse.

Figure 7. Titration of standard ZPP and PPIX separately into a HbE transgenic mouse hemolysate. 50mM heme, 50 mM pH 7.35 potassium

phosphate. As a control, the ZPP fluorescence intensity (ex. 365 nm, em. 594 nm) as a function of PPIX titration, and the PPIX fluorescence

intensity (ex. 365 nm, em. 626 nm) as a function of ZPP titration are also shown. Note that the fluorescence quantum yield difference between

ZPP and PPIX is reflected by the differential slopes of the titration curves, with a ratio of PPIX/ZPP ¼ 710.96/51.406 ¼ 13.83.The ratio

between the ZPP secondary fluorescence at ,626 nm and the primary fluorescence at ,594 nm can also be obtained as

10.429/51.406 ¼ 0.20.The 594 nm emission does not change during PPIX titration while the 626 nm emission increases upon ZPP titration.
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(i.e. FPPIX
365=626/FZPP

365=594 ¼ 13.83) is obtained from the

ratio of the slopes of the respective ZPP and PPIX

standard titration curves as shown in Figure 7. Based

on this ratio, the fluorescence intensity of one molar

ZPP at ,594 nm would correspond to 13.83 fold of

the fluorescence intensity of one molar PPIX at

,626 nm, should zinc be demetalated from ZPP

(yielding PPIX). Therefore, the intensity of ZPP

emission at ,594 nm would be equivalent to the

,626 nm PPIX emission according to equation (3),

FZPP!PPIX
365=626 ¼ FZPP

365=626 £ 13:83 ð3Þ

where FZPP!PPIX
365=626 refers to the corresponding fluor-

escence intensity at 626 nm when ZPP is converted to

PPIX in the hemolysate; FZPP
365=594 refers to the ZPP

fluorescence intensity at 594 nm. Thus, the relative

total porphyrin fluorescence (Frelative total PPIX
365=626 ),

obtained as the sum of the net PPIX fluorescence

emission at 626 nm, equation (2), and the converted

626 nm emission from ZPP, equation (3), is shown in

equation (4). In addition, the %ZPP in the hemolysate

can be obtained from equation (5).

Frelative total PPIX
365=626 ¼ equation ð2Þ þ equation ð3Þ ð4Þ

%ZPP ¼
equation ð3Þ

equation ð4Þ
100% ð5Þ

Based on equations (2), (4) and (5), a comparison

of the relative levels of hemolysate PPIX, total

porphyrins, and the ratio of ZPP to total porphyrins

can be obtained. Exemplary calculations obtained

from a typical fluorescence emission of the hemolysate

(Figure 2) are illustrated in Table I. RBC hemolysates

from normal human HbA and C57 mice exhibit

similar basal fluorescence levels of these three

fluorescent species, thereby eliminating the possibility

of assay interference by varying levels of RBC

components.

Correlation of the two methods: Piomelli extraction and

direct hemolysate fluorescence measurement of the relative

total porphyrin levels and %ZPP in transgenic mouse

hemolysates

The determination of porphyrins by solvent extrac-

tions [31] utilizes ethyl acetate/acetic acid (4:1) and

hydrochloric acid (HCl) to demetal ZPP. Total

erythrocyte porphyrins are extracted in the form of

free PPIX. The next step uses acetone/water (4:1) [32]

to extract both ZPP and PPIX. The ratio of ZPP to

total porphyrin (ZPP/total) is obtained from equation

(6) [32]

F588

F617:8
¼ 3:3576

½ZPP�

½T �
þ 0:2534 ð6Þ

where F588 is the fluorescence intensity of ZPP at

excitation 420 nm and emission 588 nm; F617.8 is the

fluorescence intensity at excitation 420 nm and

emission 617.8 nm (an isosbestic point where equal

amount of ZPP and PPIX exhibit equal fluorescence

emission [32]); [ZPP] and [T ] are molar concen-

trations of ZPP and total porphyrins. Thus, the

fluorescence contribution of ZPP (F ZPP) to the total

porphyrin fluorescence (F total, measured by ethyl

acetate/acetic acid extraction) is acquired from

equation (7),

FZPP ¼
ðF588=F617:8Þ2 0:2534

3:3576
F Total ð7Þ

The relative total porphyrin fluorescence in a variety

of different transgenic mouse hemolysates (n ¼ 12,

including transgenic HbA and HbE mice, C57 mice,

b-thalassemia mice) is obtained from equation (4).

These relative values correlate with the total porphyrin

fluorescence measured by ethyl-acetate extraction.

Table I. Exemplary calculations to determine the hemolysate fluorescence of ZPP, PPIX, relative total porphyrin, and percent ZPP from

a typical spectrum shown in Figure 2.

Fluorescence Calculations Notes

FZPP
365=594 8.5 The net ZPP fluorescence in the hemolysate at 594 nm

(directly obtained from the observed emission peak shown in Figure 2).

F
hemolysate
365=626

21.5 The observed hemolysate fluorescence at 626 nm

(directly obtained from the emission peak shown in Figure 2).

FZPP
365=626 8.5 £ 0.20 ¼ 1.7 The ZPP secondary fluorescence emission at 626 nm is 0.2 fold of the primary

emission at 594 nm.

FZPP!PPIX
365=626 8.5 £ 13.83 ¼ 117.6 The converted fluorescence at 626 nm is 13.83 fold of ZPP fluorescence at 594 nm,

if ZPP converts to PPIX.

FPPIX
365=626 21.5 2 1.7 ¼ 19.8 The net PPIX fluorescence in the hemolysate is obtained by subtracting the ZPP

secondary emission at 626 nm from the observed hemolysate emission at 626 nm.

Frelative total PPIX
326=626 117.6 þ 19.8 ¼ 137.4 Relative total porphyrin fluorescence of the hemolysate obtained from the sum of

net PPIX fluorescence and the converted fluorescence from ZPP.

%ZPP 117.6/137.4 5 85.6% Percent hemolysate ZPP is the ratio of ZPP converted fluorescence to total

porphyrin fluorescence.
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The correlation (R 2 ¼ 0.88) is significant at

P , 0.0001. In addition, the ZPP fluorescence

(F365/594) directly measured in the hemolysate corre-

lates with the ZPP fluorescence obtained from ethyl

acetate and acetone/water extraction (Equation 7)

(R 2 ¼ 0.95, P , 0.0001). Furthermore, the %ZPP

obtained from equation (5) (direct hemolysate

fluorescence measurement) correlates with ZPP/T

obtained from the acetone/water extraction

(R 2 ¼ 0.90, P , 0.0001). Greater than 85% of

erythrocyte porphyrins exist in the form of ZPP in the

transgenic HbE mice and C57 mice by the direct

measurement. However, in b-thalassemia mice,

greater than 99% of erythrocyte porphyrin is ZPP,

consistent with those reported in human patients [20–

22]. All these data validate the method of the direct

determination of relative total erythrocyte porphyrin

and ZPP levels in hemolysates. The details and

significance of these results will be presented elsewhere

(manuscript in preparation).

Discussion

A one-step spectral scan methodology is presented for

the purpose of comparing relative levels of ZPP, PPIX

and FHDP in hemolysates from different transgenic

mice. These fluorescence species are potential

biomarkers for alterations in Hb synthesis and/or Hb

oxidation and degradation, reflected in the elevated

levels of ZPP, PPIX and FHDP in pathogenic

transgenic mouse hemolysates (manuscript in pre-

paration). The direct detection of relative erythrocyte

PPIX, ZPP and FHDP levels has several advantages:

(1) it provides an “intrinsic” erythyrocyte porphyrin

fluorescence level with minimal risk to the individual

(i.e. venipuncture); (2) it is rapid and efficient as it

obtains relative levels of ZPP, PPIX and FHDP in one

spectral scan without requiring more laborious

extraction procedures.

The origins and correlations of elevated levels of

FHDP and porphyrins in pathogenic hemolysates

remain complicated. In RBC, superoxide produced

from Hb autooxidation undergoes dismutation to

produce H2O2, initiating a cascade of secondary

oxidative reactions, which involves heme degradation

[10]. Furthermore, superoxide has been shown to

react with protoporphyrins to produce FHDP [9,10].

We observed that the fluorescence of FHDP in the

hemolysate shows a time and temperature dependent

increase in intensity, especially in diluted hemolysate

solutions, indicating heme degrades in the hemo-

lysate. In contrast, the levels of ZPP and PPIX levels

are relatively stable. The fact that pathogenic

transgenic mice (such as sickle cell mice, b-

thalassemia and hemoglobin E diseases) exhibit

elevated levels of FHDP, ZPP and PPIX (manuscript

in preparation) provides evidence that FHDP forms

not only in vitro but also in vivo.

What are the consequences of elevated red blood

cell FHDP and porphyrin levels? The FHDP may

accumulate on the cell membrane or bind to the Hb,

altering membrane properties, red cell deformability

and Hb function [11]. It has also been shown that

PPIX induces photodynamic damage on RBC

membranes by photooxidation of membrane protein

amino acid residues and subsequent cross-linking of

these proteins [35,36]. In vitro spectrophotometric

studies reveal that PPIX interacts with Hb, forming

ground state complexes and potentiates the peroxi-

dase activities of haemoglobin and myoglobin [37,38].

In addition, the pro-oxidant effects of PPIX have been

demonstrated by an in vivo administration into a rat

model resulting in a rapid induction of superoxide

dismutase [39]. The exact mechanism of porphyrin

damage is elusive because controversy remains as to

the association site of PPIX and ZPP inside the red

cells that could include the Hb heme pocket, non-

heme pocket sites, and the RBC membrane [40,41].

In summary, ZPP, PPIX and FHDP are important

biomarkers of the complex pathophysiology of

different hemoglobinopathies. A direct spectral

assessment of their relative levels in RBC hemolysates

has immediate research application and also clinical

potential in the facilitation of the screening and

evaluation of oxidative stress, and the status of heme

and globin synthesis.
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