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Abstract: Anemia is the most prevalent nutrition-related disorder worldwide. Zinc is an essential
trace element for various biological processes in the body, and zinc deficiency has been associated
with anemia in humans. However, the molecular mechanisms by which zinc availability alters
red blood cell development remain uncertain. The present study identifies the essentiality of zinc
during erythroid development, particularly for normal heme biosynthesis. G1E-ER4 mouse cells
were used as an in vitro model of terminal erythroid differentiation, which featured elevated cellular
zinc content by development. Restriction of zinc import compromised the rate of heme and x-globin
production and, thus, the hemoglobinization of the erythroid progenitors. Heme is synthesized by the
incorporation of iron into protoporphyrin. The lower heme production under zinc restriction was not
due to changes in iron but was attributable to less porphyrin synthesis. The requirement of adequate
zinc for erythroid heme metabolism was confirmed in another erythropoietic cell model, MEL-DS19.
Additionally, we found that a conventional marker of iron deficiency anemia, the ZnPP-to-heme ratio,
responded to zinc restriction differently from iron deficiency. Collectively, our findings define zinc as
an essential nutrient integral to erythroid heme biosynthesis and, thus, a potential therapeutic target
for treating anemia and other erythrocyte-related disorders.

Keywords: zinc; iron deficiency; terminal erythroid differentiation; protoporphyrin; succinylacetone;
hemoglobin; anemia

1. Introduction

According to the World Health Organization (WHO), anemia is defined as low
hemoglobin levels or red blood cell count and can be caused by nutritional deficiencies
in iron, folate, and vitamin B12; by infection and chronic inflammation; or by genetic
hemoglobin disorders [1]. Although nutrition-based strategies have been demonstrated ef-
fective in the prevention of nutritional anemia [1], the global prevalence of anemia remains
high, affecting approximately 23% of the population [2]. Anemia is the most common
disorder attributable to poor nutrition worldwide and is especially prevalent in women of
reproductive age and children under 5 years [2].

In humans, erythrocytes in circulation are constantly turned over, with an approximate
lifespan of 120 days. Erythrocyte homeostasis of the body is maintained by the supply
of new red blood cells, mainly from steady-state erythropoiesis in the bone marrow. The
spleen and liver can become erythropoietic sites for extramedullary erythropoiesis under
certain pathological conditions requiring a rapid expansion in red cell production, such as
acute hemolytic anemia [3]. Erythroid progenitors mature into erythrocytes via committed
erythropoiesis (i.e., terminal erythroid differentiation) upon stimulation by erythropoietin
(EPO). EPO activates the production of proteins integral to iron assimilation, heme biosyn-
thesis, and remodeling of cellular structure [4]. Disruption in these molecular events leads
to failure of normal terminal erythroid differentiation and, thus, anemia at the organismal
level. Of relevance is iron deficiency anemia attributed to impaired heme biosynthesis.
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Erythroid progenitors undergo dynamic nutrient demand and composition changes
during terminal erythroid differentiation. For instance, iron is imported early, transiently
stored, and then utilized for heme biosynthesis during development [5]. Zinc is the second
most abundant trace element in the erythron after iron [6,7]. Recently, intracellular zinc of
erythroid progenitors was identified as a molecular switch driving erythroid development
and cell survival and thus is under tight regulation [8]. Additionally, zinc serves as
a catalytic or structural component for metalloproteins critical to red cell metabolism,
including 6-aminolevulinic acid dehydratase (ALAD) and superoxide dismutase 1 [9-11].
These proteins, respectively, are key to heme biosynthesis and defense against oxidative
stress in cells of the erythron. These findings identify the biological significance of zinc in
maintaining the amount and integrity of red blood cells.

Zinc is a type 2 essential trace element nutrient involved in various molecular and
biological processes of the human body [12]. Its deficiency remains highly prevalent, partly
due to the lack of a specific deficiency symptom and status assessment tool for zinc, with
an estimated global prevalence as high as 16% worldwide [13,14]. Several preclinical
studies have identified the causal effect of dietary zinc restriction on molecular indices of
impaired erythropoiesis [15,16]. Additionally, the epidemiological association of serum
zinc concentrations with the risk of anemia has been reported in humans [17-19], and
symptoms of iron deficiency anemia have been included in clinical outcomes of poor zinc
nutrition cases [20,21]. Although the potential role of zinc status in anemia risk has been
recognized, further mechanistic work is needed to establish the nutritional implications of
zinc status in red cell metabolism.

The primary aim of the present study was to elucidate the role and essentiality of zinc
in developing erythroid progenitors particularly for their heme biosynthesis, a process
integral to maturation into red blood cells. Mouse erythroid cell line G1E-ER4 cells were
used as an extensively validated cell culture model of EPO-induced terminal erythroid
differentiation and were complemented by an alternative mouse model of induced heme
biosynthesis, MEL-DS19 cells. Hemoglobinization of both cell models was significantly
impaired when cellular zinc availability became restricted and produced responses in
porphyrin metabolites, including zinc protoporphyrin (ZnPP) and free protoporphyrin IX
(PPIX), different from those produced by iron restriction.

2. Materials and Methods
2.1. Cell Culture and Differentiation

The G1E-ER4 cell line and MEL-DS19 cells were obtained from Dr. Mitchell Weiss
(St. Jude Children’s Research Hospital, Memphis, TN, USA) and Dr. Caroline Philpott
(National Institutes of Health, Bethesda, MD, USA), respectively. The G1E-ER4 cells were
cultured in Iscove’s modified Dulbecco’s medium (IMDM) supplemented with 15% fetal
bovine serum, 100 U/mL penicillin-streptomycin, monothioglycerol (1:10,000), 2 U/mL
EPO (Epogen; Amgen, Thousand Oaks, CA, USA), and conditioned medium from Kit
ligand-producing Chinese hamster ovary (CHO) cells (1:200), as previously described [5].
To induce erythroid differentiation, cells at a density of 0.2 x 10° cells/mL were treated
with 100 nM (-estradiol (B-Est; Sigma-Aldrich, St. Louis, MO, USA) and cultured for
up to 48 h. MEL-DS19 cells were grown in Dulbecco’s modified eagle medium (DMEM)
containing 10% heat-inactivated FBS, 2 mM glutamine, and 1% MEM non-essential amino
acids solution (MEM NEAA) [22]. The cells were maintained at 0.05-0.8 x 10° cells/mL
and incubated at 37 °C in 5% CO;. To induce hemoglobinization of the MEL cells, the cells
were seeded at a density of 5 x 10* cells/mL and cultured with 1.5% dimethyl sulfoxide
(DMSO; Sigma-Aldrich) for up to 5 days.

2.2. Chemical Treatments and Cell Viability

Zinc availability was restricted by adding diethylenetriamine pentaacetate (DTPA;
Sigma-Aldrich) or N,N,N’,N'-tetrakis(2-pyridylmethyl)-ethylenediamine (TPEN; Sigma-
Aldrich) at the final concentrations of 50 and 10 uM, respectively. Zinc replenishment
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against DTPA treatment was achieved by adding equimolar zinc chloride. For G1E-ER4
experiments, cellular iron availability was limited by deferoxamine (DFO; Sigma-Aldrich)
at a final concentration of 50 pM, and succinylacetone (SA; Sigma-Aldrich), an ALAD
inhibitor [23], was treated at a concentration of 0.2 mM twice with a 24 h interval. For
MEL-DS19 experiments, 50 uM DTPA, 25 uM DFO, or 1 mM SA was added to the medium
2 days after the DMSO treatment. Cell density and viability were determined using an
automated cell counter R1 (Olympus, Shinjuku City, Tokyo, Japan) after mixing the cells
with an equal volume of 0.4% trypan blue.

2.3. Quantitative Metal Analyses

The cells were washed twice with ice-cold PBS containing 10 mM ethylenediaminete-
traacetic acid (EDTA) and transferred to acid-washed tubes at the third washing step.
Frozen pellets of a known number of cells were processed and analyzed at the University
of Nebraska for quantitative measurements of mineral contents using inductively cou-
pled plasma mass spectrometry (ICP-MS), as previously described [24]. Metal contents
were normalized to total protein contents determined by the bicinchoninic acid (BCA)
assays (Thermo Scientific, Waltham, MA, USA; #23225), cell counts, or phosphorous levels
of each sample.

2.4. Heme and Total Porphyrin Assays

For cellular heme assays, the cells were treated with an NP-40-based lysis buffer
containing 100 mM Tris-HCI (pH 7.5), 50 mM KCI, 0.1% NP-40, 5.0% glycerol, and protease
inhibitor cocktail (Roche, Basel, Switzerland; #11836170001). The heme content in the
cell lysates was colorimetrically determined by the QuantiChrom heme assay (BioAssay
Systems, Hayward, CA, USA; DIHM-250), following the manufacturer’s protocol, and
normalized to the number of cells. For total porphyrin quantitation [25], the cell lysates
were treated with nine volumes of a mixture of ethyl acetate and acetic acid (at 4:1, v/v)
and centrifuged at 1000 x ¢ for 3 min to precipitate proteins. The supernatant was collected,
treated with an equal volume of 1.5N HCI, and centrifuged at 1000x g for 3 min. The clear
top layer was isolated and analyzed by spectrofluorometry with excitation at 405 nm and
measures of emission at 604 nm. ZnPP and free PPIX concentrations were determined
as previously described [26,27]. Briefly, the cell lysates were mixed with nine volumes
of ethanol and centrifuged at 20,000x ¢ for 10 min. Emissions at 589 and 623 nm by
excitation at 415 nm were measured using a spectrofluorometer for ZnPP and free PPIX
quantitation, respectively. Serial dilutions of the cell lysates or ZnPP (Thermo Scientific;
032068) were prepared and analyzed as standards, and the final measures were normalized
to the cell counts.

2.5. Quantitative Real-Time PCR (qPCR)

The cells were treated with a TRI reagent (Sigma-Aldrich; #79424) and processed for
total RNA isolation using the Direct-zol RNA Mini Preparation Kit (Zymo Research, Irvine,
CA, USA; R2050) by adding the TRI reagent according to the manufacturer’s instructions
or by adding 1-bromo-3-chloropropane. The cDNA was reverse-transcribed using the
High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Waltham, MA, USA;
#4368814). The transcripts were PCR-amplified using Power SYBR Green Master Mix
(Applied Biosystems; #A25742) and detected using a CEX Connect Real-Time System (Bio-
Rad). The relative mRNA abundance was determined by the 2742t method. Primers
specific to each gene of interest were designed using Primer-BLAST [28] and are provided
in Table 1.



Nutrients 2023, 15, 281 40f 13
Table 1. qPCR Primer Sequences.
Gene Primer Set Sequence
Mt1 Forward 5'-CCTCCTGCAAGAAGAGCTGC-3'
Reverse 5-TTCGTCACATCAGGCACAGC-3
Alas2 Forward 5-CAGAGGGCAGCTCCAGAAGTT-3
Reverse 5'-GCTTCGGGTGGTTGAATCC-3'
Hba-a1/2 Forward 5'-CGTGCTGACCTCCAAGTACC-3’
Reverse 5'-GGTACAGGTGCAAGGGAGAG-3'
Tfrc Forward 5-TCACTTCCTGTCGCCCTATGT-3
Reverse 5'-AGAGTGTGAGAGCCAGAGCC-3
Tbp Forward 5'-AGTTGTGCAGAAGTTGGGCT-3
Reverse 5'-TACTGAACTGCTGGTGGGTCA-3’

2.6. Western Blot Analyses

The cells were lysed in the Pierce RIPA buffer (Thermo Scientific; #89900) supple-
mented with a protease inhibitor cocktail (Roche; #11836170001), and the protein contents
of the lysates cleared by centrifugation at 12,000 x g for 5 min were determined using the
Pierce BCA Protein Assay Kit (Thermo Scientific; #23225). For immunoblotting, equal
amounts of protein were prepared with a Laemmli buffer (Bio-Rad; #1610747) contain-
ing 2.5% {3-mercaptoethanol and separated by 4-20% polyacrylamide gel electrophoresis
(PAGE) in SDS containing a Tris—glycine running buffer. The separated protein was
transferred to the nitrocellulose membrane using the Trans-Blot Turbo Transfer System
(Bio-Rad). Immunoblotting was conducted using the following antibodies: mouse anti-
metallothionein 1 (MT1; 1:1000; Invitrogen, Waltham, MA, USA; MA 1-25479), rabbit
anti-hemoglobin-alpha (HBA; 1:1000; Proteintech, Rosemont, IL, USA; 14537-1-AP), rabbit
anti-iron regulatory protein 2 (IRP2; 1:1000; Dr. Betty Leibold, University of Utah), and
anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH; 1:2000; Bio-Rad; 12004167) pri-
mary antibodies. The subsequent probing was processed with NIR fluorescent secondary
antibodies (1:10,000; Li-Cor, Lincoln, NE, USA) and visualized using a Li-Cor Odyssey Fc
detection system.

2.7. Statistical Analyses

All the data are presented as mean =+ standard deviation. Depending on the experimen-
tal design, Student’s f-test or one-way ANOVA, two-way ANOVA, or two-way repeated-
measure ANOVA with Dunnett’s or Tukey’s HSD post hoc test was conducted to determine
statistically significant differences. A p-value < 0.05 was considered statistically significant.

3. Results
3.1. G1E-ER4 Cells Acquire Zinc during Development and Depend on Zinc for Survival

G1E-ER4 cells undergo committed erythropoiesis by 3-Est treatment and have been
extensively characterized as an in vitro model of terminal erythroid differentiation [5]. To
determine whether zinc has a role in terminal erythroid differentiation, we determined the
mineral contents using ICP-MS of cells with or without 3-Est treatment. After 48 h of dif-
ferentiation, the cellular zinc contents increased 1.7-fold and were at a molar concentration
comparable to that of iron (Figure 1A). In contrast to zinc and iron, cellular phosphorus
contents were not affected by the differentiation of the erythroid progenitors. Metalloth-
ionein (Mtl) functions as a cytosolic buffer for zinc fluctuation and responds to zinc at the
transcript level [29,30]. In agreement with the zinc measures, G1E-ER4 cells featured a
gradual increase in Mt1 transcript abundance by differentiation (Figure 1B). These results
suggest that erythroid progenitors assimilate zinc during maturation to support its role in
red cell development.
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Figure 1. G1E-ER4 erythroid progenitors accumulate zinc during differentiation and require zinc for
survival. The differentiation was induced by adding 3-estradiol ([3-Est). (A) Accumulations of total
cellular zinc and iron in developing G1E-ER4 cells 48 h after terminal erythroid differentiation. Cellu-
lar contents were normalized to total protein contents (1 = 4). (B) Increased M¢1 transcript abundance
by erythroid development, normalized to Tbp (n = 3). (C) Representative cell microscopic images of
G1E-ER4 cells treated with or without 10 uM TPEN. (3-Est treatments were for 24 h. (D) Effects of
TPEN on viability of G1E-ER4 cells treated with or without 3-Est (1 = 4). (E) Effects of TPEN on Mt1,
Alas2, and Hba-al/2 transcript abundance normalized to Tbp (n = 3). Data presented as mean =+ SD.
*p < 0.05. B-Est, B-estradiol; TPEN, N,N,N’,N'-tetrakis(2-pyridylmethyl)-ethylenediamine.

Next, we restricted the zinc availability in the G1E-ER4 erythroid progenitors using
a cell-permeable zinc chelator, TPEN, to determine the effects of zinc depletion in the
erythroid progenitors. Both cells treated without (proliferating) and with 3-Est for 24 h (de-
veloping) featured apparent changes in cell morphology and density when incubated with
TPEN for 24 h (Figure 1C). Cell viability by trypan blue exclusion decreased significantly
after 24 h treatment with TPEN. While TPEN treatments for 1 and 3 h were neither cytotoxic
nor morphologically altered the cells (Figure 1D), they reduced the MtI mRNA abundance,
confirming the effectiveness of TPEN in depleting the cellular zinc pool. Expression of
erythropoietic genes, 5'-aminolevulinate synthase (Alas2), and hemoglobin alpha, adult
chain 1/2 (Hba-a1/2) in differentiating G1E-ER4 cells was not affected by TPEN-induced
zinc depletion (Figure 1E).

3.2. Restriction of Cellular Zinc Impairs Hemoglobinization G1E-ER4 Cells by Differentiation

The effects of zinc restriction on erythroid development could not be assessed using
the TPEN model, primarily because the cells could not survive long enough to carry out
heme biosynthesis. Thus, we used a cell-impermeable zinc chelator, DTPA, to restrict
the extracellular zinc availability and, thus, its import. Zinc restriction by DTPA led to
less intense red coloration, indicative of impaired hemoglobinization, by differentiation
of the G1E-ER4 cells (Figure 2A). A quantitative assessment of cellular heme contents
confirmed lower heme production by DTPA-induced zinc restriction (Figure 2B). Decreases
in Mt1 and Hba-a1/2 transcript abundance reflected the decrease in cellular zinc and heme
contents by DTPA, respectively (Figure 2C), and were confirmed at the protein level by
western blot analyses (Figure 2D). Notably, DTPA did not affect the expression of Alas2,
the rate-limiting enzyme for erythroid heme biosynthesis (Figure 2C), indicating that zinc
restriction did not universally affect the expression of erythropoietic genes by terminal
erythroid differentiation. Unlike TPEN, DTPA did not compromise cell viability after 24 h
of treatment (Figure 2E) when impaired hemoglobinization by zinc restriction was initially
observed (Figure 2A).



Nutrients 2023, 15, 281

6 of 13

A B-Est(h): 0 24 48 C 15
DTPA .

<
ctE£rs EEE IS 53-2 W
e 0.

H §‘ m+DTPA

B 8
ggg . —‘D—DTPA 0.0.%.'\ s
% g’ 5 ) m+DTPA rb,’b’\\ @\ S
= S
24 h 48 h Q
D T O-DTPA B+DTPA E 0-DTPA m+DTPA
B-Est(h): 24 48 Qo * <100 *
DTPA—+—+<15 L] < 80 T
a-Globin | 210 i\ £ 60
: o S 40
MT S S (.5 3 20
GAPDH|====|0 0 =0
© 24h 48h 24h 48 h
F oControl  mDTPA G H 4 n.s.
g DTPAtZn o +B-Estradiol o | *
St DTPA -+ + 8,
Ee, 2
=9 2 2
€8 G1E-ER4 EDE
0 DTPA: -+ +
24h 48h Zn: - - +

Figure 2. Mild cellular zinc restriction impairs heme biosynthesis by erythroid progenitor without
compromised cell viability. (A) Representative cell pellet images of G1E-ER4 cells differentiating
under zinc restriction by DTPA. (B) Decreased heme contents by DTPA in developing G1E-ER4 cells (n
= 3). (C) Effects of DTPA on Mt1, Hba-a1/2, and Alas2 transcripts at 24 h of differentiation, normalized
to Thp (n = 3). (D) Responses of x-globin and metallothionein protein abundance to zinc restriction in
differentiating G1E-ER4 cells (1 = 4). (E) Viability of G1E-ER4 cells with or without DTPA treatment
for 24 and 48 h (n = 3). (F-H) Restoration of cellular zinc levels (F), hemoglobinization (G), and
heme contents (H) of DTPA-treated G1E-ER4 cells by equimolar zinc (50 pM) treatment (1 = 4). Cells
were treated with (-estradiol (-Est) for differentiation and DTPA or zinc for each zinc condition
at 0 h, and cultured for 24 or 48 h. Cell pellet images and heme data were collected 48 h after zinc
treatments and differentiation (n = 4). Data presented as mean =+ SD. * p < 0.05. 3-Est, 3-estradiol;
DTPA, diethylenetriaminepentaacetic acid; n.s., not significant.

DTPA can potentially chelate other trace elements and thus contribute to the observed
heme deficiency via a zinc-independent mechanism. Iron, which is integral to erythroid
development and heme biosynthesis, was of particular concern in our study. To confirm
that the observed effects of DTPA were due to the loss of bioavailable zinc, we assessed
whether cells could be rescued from the DTPA effects by adding back zinc. Using ICP-MS,
we confirmed that equimolar zinc recovered the zinc contents of DTPA-treated cells up to
the control level (Figure 2F). Additionally, impaired hemoglobinization (Figure 2G) and
heme deficiency (Figure 2H) by DTPA were completely corrected by the addition of zinc to
DTPA-treated cells. Thus, the DTPA effects on heme production by erythroid development
were due to the restriction of zinc availability rather than any other trace element potentially
affected by the DTPA treatment.

3.3. Cellular Iron Contents of Differentiating G1E-ER4 Cells Are Not Affected by Zinc Status

Heme biosynthesis is completed via the incorporation of iron into PPIX by fer-
rochelatase activity (Figure 3A). Thus, we questioned if impaired heme production by
zinc restriction is attributable to either low iron availability or impaired PPIX biosynthesis.
First, we determined the total cellular iron contents using ICP-MS, which showed that
the contents were not affected by DTPA treatment (Figure 3B), thus indicating that zinc
status did not influence cellular capacity to retain iron. Impaired conversion of nonheme
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iron to heme iron is expected to result in the accumulation of nonheme iron within cells,
particularly when the total iron content does not change. Nonheme iron within the cytosol
contributes to the labile iron pool [31], and expansion of the labile iron pool facilitates the
turnover of IRP2 [32]. IRP2 protein abundance declined between 24 and 48 h of differentia-
tion in both zinc-adequate and -deficient G1E-ER4 cells, supporting an expansion of the
cytosolic nonheme iron pool by development per se (Figure 3C). IRP2 was not affected
by zinc status at 24 h of differentiation but became significantly lower in zinc-restricted
cells at the 48-h time-point compared to their corresponding control cells. Transferrin
receptor protein 1 (Tfrc) transcripts are stabilized by the binding of IRP2 and thus were
quantified as an indicator of IRP2 activity. The effects of differentiation and zinc status on
Tfrc mRNA abundance resembled the expression pattern of the IRP2 protein (Figure 3D).
Collectively, the decreases in IRP2 protein and Tfrc transcript abundance after 48 h of zinc
restriction suggest an expansion of the cellular labile iron pool, potentially due to less
efficient conversion of nonheme iron into heme.
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Figure 3. Cellular zinc restriction impairs porphyrin production by developing G1E-ER4 cells without
changing cellular iron contents. (A) Simple scheme of the heme biosynthetic pathway. (B) Lack
of changes in cellular iron contents of developing G1E-ER4 cells by DTPA. Cellular contents were
normalized to total protein (1 = 4). (C) IRP2 protein abundance in response to differentiation induction
and DTPA treatments in G1E-ER4 cells (1 = 3). Dark and light indicate images captured at higher
and lower intensity, respectively. (D) Changes in Trfc mRNA abundance, a regulatory target of
IRP2, by differentiation and DTPA (n = 3). (E) Reduction in total porphyrin contents by DTPA in
differentiating G1E-ER4 cells. Total porphyrin contents were determined after 48 h of treatments
and normalized to cell numbers. Data presented as mean + SD. * p < 0.05. 3-Est, 3-estradiol; DTPA,
diethylenetriaminepentaacetic acid; PPIX, protoporphyrin IX.

Having established that the cellular iron contents did not explain the lower heme
contents of the zinc-restricted G1E-ER4 cells, we next determined the effect of DTPA on cel-
lular protoporphyrin production by measuring the total porphyrin. Erythroid porphyrins
include heme as the final product, ZnPP as the byproduct, and free PPIX as an intermedi-
ate, all of which are produced via the heme biosynthetic pathway. Unlike iron, the total
porphyrin level was significantly lower in the DTPA-treated cells (Figure 3E), implying
that impaired PPIX production caused heme deficiency of cells differentiating under zinc
restriction.

3.4. Zinc Restriction Differentially Affects Porphyrin Metabolites Produced during
Hemoglobinization of MEL-DS19 Cells

To improve understanding of how cellular zinc status affects porphyrin metabolism,
the abundance of ZnPP and free PPIX contents was assessed. For this purpose, we used
MEL-DS19 cells, which undergo hemoglobinization upon induction by DMSO [22]. This
choice was primarily due to the lack of detectable levels of ZnPP and free PPIX in the G1E-
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ER4 cells (Figure 4A). Differentiating G1E-ER4 cells represent the erythroid lineages from
proerythroblasts to orthochromatic erythroblasts and thus only recapitulate the relatively
early stages of terminal erythroid development [5,33]. This may explain the difficulty of
detecting quantitatively meaningful levels of cellular ZnPP and free PPIX. When using
MEL-DS19 cells, spectral peaks corresponding to ZnPP and free PPIX became prominent
after 4 and 5 days of DMSO treatment, allowing quantitative assessments of these porphyrin
species (Figure 4A). Notably, the rate of total porphyrin synthesis peaked between days
4 and 5 of the DMSO treatment, while heme contents only gradually increased during
this time (Figure 4B). This indicates that MEL-DS19 cells start accumulating nonheme
porphyrin molecules, such as free PPIX and ZnPP, after 4 days of hemoglobinization, as
shown in Figure 4A.

A B .
. 3000 4 +DMSO: 210 e
< 2000 —%5 207 ﬂﬂ
§ 1000 —4d 0 =L
2, _ <200 - *
L% 1000 4 G1E-ER4 +j%t:h -E’IOO 8 *
0 T T T = —48h & 0 7 m ™
570 590 610 630 650 0345
Wavelength (nm) DMSO (d)
Cobowso:.- + E
DTPA: = = + " & 1.5 1ZnPP Free PPIX
MEL-DS19[_J[&]1] ¢
c

©
L 5 1.0 .
D®£\6 O§05 **** ****
E%g LTUT[L 0@0-0 H|ﬂ|ﬂlﬂ\ml T T Iﬂll—lll_ll
o

20 DTPA(d):012345012345
DMSO: - + + +DMSO (5 d)
DTPA: - - +

F 510 ©310

02 §o
I=s) 5 * ok kL
(@] c O
L 0.0 N L 0.0
DTPA(d): 012345 DTPA(d): 012345
+DMSO (5 d) +DMSO (5 d)

Figure 4. Zinc restriction results in lower heme, zinc protoporphyrin, and free protoporphyrin pro-
duction by MEL-DS19 cells induced for hemoglobinization. (A) Fluorescence spectra of free PPIX and
ZnPP in MEL-DS19 cells treated with DMSO and G1E-ER4 cells treated with (3-Est. (B) Accumulation
of heme and porphyrin in DMSO-treated MEL-DS19 cells (1 = 3), shown in folds of day 0. (C) Cell
pellet images of MEL-DS19 cells with impaired hemoglobinization by DTPA-induced zinc restriction.
(D) Zinc limitation by DTPA compromises DMSO-induced heme production in MEL-DS19 cells.
Cells were treated with or without DMSO and DTPA for 5 days. (E) Effects of zinc restriction on
ZnPP and free PPIX production by MEL-DS19 cells treated with DMSO for 5 days. Contents were
normalized to the number of cells (1 = 3). (F,G) Heme contents (F) and changes in ZnPP/heme
(G) by the conditions of (E). Data presented as mean =+ SD. * p < 0.05. DMSO, dimethyl sulfoxide;
ZnPP, zinc protoporphyrin; PPIX, protoporphyrin IX.

Zinc restriction by DTPA impaired hemoglobinization (Figure 4C) and heme biosyn-
thesis in DMSO-treated MEL-DS19 cells (Figure 4D). These findings confirm the essentiality
of zinc for normal red cell development and heme biosynthesis initially characterized
using G1E-ER4 cells. Next, we determined how zinc restriction affects the production of
ZnPP and free PPIX. ZnPP in MEL-DS19 was significantly reduced by DTPA as early as
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1 day after treatment (Figure 4E). By contrast, free PPIX contents were lowered by zinc
restriction after a delayed response, specifically when treated with DTPA for at least 2 days
(Figure 4E). Similarly, it took more than 2 days of DTPA treatment for zinc restriction to
repress heme production (Figure 4F). These observations indicate that the formation of
ZnPP, attributable to the misincorporation of zinc into PPIX [34], is quickly prevented by
zinc restriction, while impairment of PPIX production by zinc restriction requires zinc
depletion that is long enough, for instance, to influence the activity of a protein mediating
its biosynthetic pathway.

3.5. Erythroid Progenitors Developing under Zinc Restriction Manifest Changes in Heme
Metabolites Distinct from Those of Iron Deficiency

The erythroid ZnPP/heme ratio is a sensitive diagnostic biomarker for iron deficiency
anemia [35,36]. Our in vitro experiments revealed a decrease in the ZnPP/heme ratio
by zinc restriction (Figure 4G), a mode of response opposite to that expected by iron
deficiency. The responsiveness of the ZnPP/heme ratio to zinc restriction was acute and
steady throughout the studied time course (Figure 4G).

Our earlier data indicate that zinc restriction leads to lower PPIX production without
changes in cellular iron contents (Figure 3). Thus, we next determined how iron restriction
by DFO or limiting PPIX synthesis by an ALAD inhibitor SA differently or similarly affects
the ZnPP/heme ratio using MEL-DS19 cells (Figure 5A). DTPA, DFO, and SA treatments of
the MEL-DS19 cells produced a comparable decline in the cellular heme contents (Figure 5B).
Notably, ZnPP and free PPIX contents were significantly lower when zinc was restricted
(Figure 5C,D). Inhibition of ALAD by SA affected ZnPP and PPIX likewise. However,
cellular iron restriction by DFO only affected cellular heme contents, which contributed to
an increase in the ZnPP/heme ratio compared to the control level (Figure 5E). In contrast
to iron restriction, deficiency in zinc or ALAD activity resulted in a lower ZnPP/heme
ratio compared to the control. Overall, our findings indicate that zinc restriction influences
porphyrin metabolism in a manner similar to the inhibition of ALAD and that a decrease in
the ZnPP /heme ratio could potentially function as a biomarker differentiating impaired
heme biosynthesis by zinc deficiency from that by limited iron availability.
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Figure 5. Erythroid zinc restriction and iron deficiency display distinct heme metabolite profiles.
(A) A scheme of the effects of DTPA, succinylacetone (SA), and deferoxamine (DFO) on heme biosyn-
thesis. (B) Impaired heme production by DTPA (50 uM), DFO (25 uM), and SA (1 mM) for 2 days
in MEL-DS19 cells. Cells were treated with DMSO for 5 days to induce hemogloninization. (1 = 3).
(C-E) Changes in ZnPP (C), free PPIX (D), and ZnPP /heme ratio (E) by DTPA, DFO, or SA in DMSO-
treated MEL-DS19 cells (1 = 3). Data presented as mean + SD. * p < 0.05. DMSO, dimethyl sulfoxide;
ZnPP, zinc protoporphyrin; PPIX, protoporphyrin IX.
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4. Discussion

Approximately 1.1 billion people are at high risk of zinc deficiency worldwide [13].
Anemia, defined as a low red blood cell count or hemoglobin content, is another major
public health concern [2]. Plasma and serum zinc have been proposed as a predictor
for hemoglobin concentrations and anemia risk in clinical studies, independent of iron
status [17-19,37]. These findings emphasize the importance of zinc in understanding
the etiology of anemia. Our experiments directly address the requirement of zinc in red
cell development and reveal the implications of zinc deficiency for heme metabolism,
particularly protoporphyrin synthesis, during terminal erythroid differentiation.

Circulating mature erythrocytes contain approximately 10 times higher zinc concentra-
tion compared to plasma or serum [38], implying a physiological need for this nutrient on
the part of erythroid cells. A few animal studies have demonstrated the demand for zinc in
red blood cell production and functioning. In the bone marrow of rats, zinc assimilation was
observed in the condition of increased erythropoietic demand due to hemolytic anemia [3].
Redistribution of zinc was reported in anemic mice and rats, leading to elevated bone
marrow and erythrocyte zinc [39]. Additionally, upregulation of the zinc importer ZIP10
and downregulation of the exporter ZnT1 in the plasma membrane fraction of mature
red blood cells by dietary zinc restriction have been demonstrated in mice [40]. These
observations support our finding that erythroid cells have a physiological demand for zinc,
particularly for adequate heme production during development into mature red cells.

The incorporation of iron completes heme biosynthesis into PPIX by ferrochelatase
activity. Thus, a reduction in either iron or PPIX availability is expected to compromise
heme production. Impaired hemoglobinization by restriction of the cellular zinc supply
was attributable to inadequate production of porphyrin by developing erythroid progen-
itors. Notably, zinc has been characterized as a catalytic cofactor for ALAD, the first
cytosolic enzyme in the heme biosynthetic pathway. ALAD catalyzes the conversion of
d-aminolevulinic acid to porphobilinogen [9,10]. Porphobilinogen is eventually oxidized
to PPIX, which is converted into heme. In rats, the consumption of a zinc-deficient diet
lowered erythroid ALAD activity [41]. Moreover, ALAD activity in red blood cells showed
a response to the intake of zinc supplementation in humans [42]. Thus, the lower levels
of porphyrin produced by zinc-deficient erythroid cells may be attributable to the zinc
dependence of their ALAD activity.

Anemia is clinically defined as a condition resulting in fewer red blood cells in circula-
tion and lower hemoglobin content in the blood [2]. Thus, either lower numbers of total
red cells or a decline in mean cell hemoglobin contents contributes to the development
of anemia. Cellular zinc import, particularly by ZIP8, has been identified as essential for
the survival of erythroid progenitors during their maturation [8], as demonstrated by the
TPEN-treated G1E-ER4 cells. Loss in developing erythroid progenitors by impaired cellular
zinc acquisition may lead to lower erythrocyte production via erythropoiesis. Notably, our
experiments identified impaired hemoglobinization before any losses in cell count, viability,
or cell size caused by zinc restriction. These findings indicate that poor zinc nutrition may
contribute to the development of anemia by either reducing the number of newly produced
red blood cells via erythropoiesis or by impairing heme production by each erythroid
progenitor. Whether poor zinc nutrition influences erythroid cell number or cellular heme
content to different degrees in live animals or humans warrants further investigation via
relevant in vivo models of dietary zinc deficiency.

A reliable biomarker or status indicator for zinc deficiency is lacking [43]. In a clinical
setting, hemoglobin content and erythrocyte morphology or size are commonly assessed
as indices for nutrient status—for example, iron or vitamin B12 deficiency, which causes
microcytic and macrocytic anemia, respectively [44]. Additionally, iron deficiency anemia
can be defined by an increase in the ZnPP/heme ratio [34], which is caused by the relative
increase in zinc as a substrate for ferrochelatase when cells become iron-restricted [34]. In
the present study, we demonstrate that ZnPP contents decrease due to zinc restriction in
cells, resulting in a decline in the ZnPP/heme ratio. Thus, a low ZnPP/heme ratio could
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serve as a potential diagnostic approach to differentiate iron deficiency anemia from anemia
caused by zinc deficiency.

5. Conclusions

Our findings mechanistically demonstrate the requirement of adequate zinc supply
to developing erythroid cells to support their proliferation and survival [8] and facilitate
their core metabolic process, heme production. To our knowledge, this is the first study
to directly address the essentiality of zinc for normal erythroid heme metabolism and
hemoglobinization. Based on these findings, future in vivo animal or clinical studies
should aim to determine the essentiality of dietary zinc intake for maintaining systemic
erythrocyte homeostasis and preventing anemia. Anemia remains a primary nutrition
disorder worldwide [2], and many cases remain ineffectively treated due to their unclear
etiology. Our findings identify improving the nutritional status of zinc as a potential
therapeutic approach for correcting these anemia cases.
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