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Abstract: Di(2-ethylhexyl)phthalate (DEHP) is the most widely used phthalate to manufacture various plastic prod-
ucts. However, the potential effects of DEHP on erythropoiesis have not been investigated comprehensively. Here, 
we aimed to investigate whether DEHP modulated the function of hematopoietic stem and progenitor cells (HSPCs) 
to influence erythropoiesis, and to explore the associated mechanisms. In the present study, human cell lines with 
a capacity to differentiate into erythroid cells and murine bone marrow cells were treated with DEHP. DEHP not only 
impaired HSPC function, but also suppressed erythroid differentiation in a dose-dependent manner. In addition, 
DEHP removal restored HSPC activity. To explore how DEHP interfered with erythroid differentiation, we focused 
on energy metabolism and Klotho expression. DEHP suppressed erythroid differentiation via upregulating Klotho 
expression, while it did not via modulating cellular bioenergetics. Therefore, our results provided a novel insight into 
the pathophysiological link between phthalates and dysregulated erythroid differentiation.
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Introduction

Di(2-ethylhexyl)phthalate (DEHP) is a common 
phthalate, which is most frequently used as a 
plasticiser in plastic products, such as person-
al care products and medical devices. It is non-
covalently bound to a polymer; hence, DEHP 
easily leaches, migrates, or evaporates into the 
atmosphere, foods, or directly into body fluids 
[1-3]. Thus, its ubiquity in the environment gives 
rise to health concerns regarding continuous 
DEHP exposure. To date, the adverse effects of 
DEHP in the liver, endocrine and reproductive 
systems, as well as in obesity and some types 
of cancers, have all been explored extensively 
[3, 4]. However, further investigations are re- 
quired to determine whether DEHP exposure 
influences other physiological processes. 
According to a recent study, DEHP affects the 
function of human hematopoietic stem and 

progenitor cells (HSPCs), which are isolated 
from human umbilical cord blood [5]. DEHP  
also impairs the migration and colony-forming 
capacity of human CD34+ HSPCs [6]. High-
dosage and long-term dietary DEHP uptake 
causes chronic progressive nephropathy and 
significantly reduces hemoglobin (Hgb) produc-
tion in rodents [7, 8]. However, DEHP has no 
effect in male cynomolgus monkeys that were 
treated with 500 mg/kg/day DEHP for 14 days 
[9]. These results arose concerns regarding 
whether DEHP exposure adversely affects 
erythropoiesis.

Previous studies have demonstrated that DEHP 
acts as an endocrine disruptor and reproduc-
tive toxicant via the inhibition of endocrine 
receptor signalling or the activation of peroxi-
some proliferator-activated receptors (PPARs) 
[3, 10]. In addition, DEHP causes epigenetic 
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changes, especially DNA methylation [3, 11], 
and impairs both insulin signalling and glucose 
metabolism [11-14]. In liver and muscle cells, 
DEHP exposure can influence the levels of glu-
cose metabolites, including glucose-6-phos-
phate, fructose-6-phosphate, pyruvate, lactate, 
glucose-1-phosphate, and glycogen [13]. In 
hematopoietic systems, long-term hematopoi-
etic stem cells (HSCs), which are at the top of 
the hematopoietic hierarchy, tend to generate 
energy via anaerobic glycolysis, whereas lin-
eage-restricted progenitor cells generate ade-
nosine triphosphate (ATP) primarily in the mito-
chondria via oxidative phosphorylation (OX- 
PHOS) [15-18]. Erythroid progenitor cells also 
exhibit a similar rearrangement of glycolytic 
metabolism when they differentiate into mature 
erythroid cells [19]. In the present study, we 
investigated whether DEHP influenced ery-
throid differentiation through modulating glyco-
lytic metabolism and mitochondrial respiration. 
In addition, we investigated the potential DEHP-
mediated molecular mechanisms in erythro- 
poiesis.

Materials and methods

Cell culture, differentiation and DEHP treat-
ment

Human chronic myelogenous leukemia (CML) 
K562 and erythroleukemia HEL 92.1.7 (HEL) 
cell lines were obtained from the Bioresour- 
ce Collection and Research Center (BCRC) 
(Hsinchu City, TW). K562 cells (4×104 cells/ml) 
were cultivated in Iscove’s Modified Dulbecco’s 
Medium (IMDM) (Thermo Fisher Scientific, USA) 
supplemented with 10% fetal bovine serum 
(FBS) (Thermo Fisher Scientific, USA), 100 IU/
ml penicillin (Sigma-Aldrich, USA), and 100 IU/
ml streptomycin (Sigma-Aldrich, USA), and were 
passaged every two days. HEL cells (1×105 
cells/ml) were cultivated in Roswell Park 
Memorial Institute (RPMI) 1640 medium 
(Thermo Fisher Scientific, USA) supplemented 
with 10% FBS, 1 mM sodium pyruvate (Sigma-
Aldrich, USA), 100 IU/ml penicillin, and 100 IU/
ml streptomycin, and were passaged every 2 to 
3 days. For erythroid differentiation, K562 and 
HEL cells were treated with 2 mM sodium butyr-
ate (NaB) (Sigma-Aldrich, USA) for K562 cells 
and at 0.1 mM NaB for HEL cells. Benzidine 
staining was performed to examine Hgb expres-
sion [20]. DEHP (Acros Organics, USA) was a 

kind gift from Dr. Tzong-Shyuan Lee (National 
Taiwan University, TW) [21, 22].

Transfection

The scramble shRNA (ASN0000000004) and 
human KLOTHO shRNAs, including A2 (TRCN- 
0000161418), D2 (TRCN0000419459) and 
E2 (TRCN0000433013) were obtained from 
National RNAi Core Facility in Academia Sinica 
(Taipei City, TW). All plasmids were verified by 
DNA sequencing, which was carried out by 
Genomics (New Taipei City, TW). Transfection 
was performed using LipofectamineTM 2000 
reagent (Thermo Fisher Scientific, USA) accord-
ing to the manufacturer’s instructions.

Analysis of gene expression

RNA isolation and first-strand cDNA synthesis 
were prepared by using the RNeasy Plus Mini 
Kit (Qiagen, Germany) and RevertAid First-
Strand cDNA Synthesis Kit (Thermo Fisher, 
USA) following the manufacturer’s protocols. 
The indicated transcripts in cDNA samples 
were quantified using Fast SYBR™ Green 
Master Mix (Applied Biosystems, USA) accord-
ing to the manufacturer’s protocol. Reaction 
and signal detection were measured by Quant- 
Studio 3 Real-Time PCR System (Applied Bio- 
systems, USA). The primer sets included: 
Human KLOTHO-F: 5’-GCCCACATACTGGATGGT- 
ATCAA-3’; Human KLOTHO-R: 5’-ACTGCACTCA- 
GTACACACGGTGA-3’; Human GAPDH-F: 5’-TGG- 
TTCACACCCATGACGAA-3’; Human GAPDH-R: 
5’-GGAGTCCACTGGCGTCTTCA-3’; Mouse Klo- 
tho-F: 5’-CAAAGTCTTCGGCCTTGTTC-3’; Mouse 
Klotho-R: 5’-CTCCCCAAGCAAAGTCACA-3’; Mou- 
se Gapdh-F: 5’-CATGGCCTTCCGTGTTCCTA-3’; 
Mouse Gapdh-R: 5’-GCGGCACGTCAGATCCA-3’. 
The Klotho expression level relative to GAPDH 
was calculated by using the difference in 
threshold cycle method for quantitative RT-PCR 
analysis.

Western blot analysis

Cells were lysed with RIPA buffer (50 mM Tris-
HCl, pH 7.4; 150 mM NaCl; 1% Triton X-100; 
0.1% SDS; 1 mM EDTA; 1 mM phenylmethylsul-
fonyl fluoride; 10 μg/ml aprotinin; 10 μg/ml leu-
peptin; 10 μg/ml pepstatin; 1% sodium deoxy-
cholate; 1 mM sodium fluoride; 1 mM sodium 
orthovanadate; 25 mM β-glycerophosphate). 
All reagents, which were used for RIPA buffer 
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preparation, were purchased from Sigma-
Aldrich. Western blot was performed with the 
following antibodies: anti-KLOTHO antibody 
(Cat. ab203576, Abcam, UK) and anti-GAPDH 
antibody (Cat. NB300-221, Novus Biologicals, 
USA). Detection was performed using Clarity 
Western ECL Substrate (Bio-Rad, USA).

Mouse bone marrow and spleen cell isolations

All animal experiments were conducted in 
accordance with the Guide for the Care and 
Use of Laboratory Animals and approved by the 
Institutional Animal Care and Use Committee 
(IACUC) of National Yang Ming Chiao Tung 
University (Taipei Yang Ming Campus) (IACUC 
number: 1081012). Pure C57BL/6 mice were 
purchased from the Laboratory Animal Center 
of National Yang Ming Chiao Tung University 
(Taipei Yang Ming Campus). Bone marrow (BM) 
cells were isolated carefully from the tibia and 
femur. For spleen (SP) cell preparation, a small 
piece of excised SP was pressed through the 
strainer using the plunger end of a syringe. 
Subsequently, BM and SP cells were washed 
through a strainer and collected in 50 ml tube 
[23, 24].

Colony formation assay

The methylcellulose-based media MethoCult™ 
M3334 and M3434 were obtained from 
StemCell Technologies (Canada). Colony forma-
tion assays were performed as previously 
described [24]. To detect burst-forming unit-
erythroids (BFU-Es) and other types of colonies, 
including oligopotential progenitor colony-form-
ing unit-granulocyte, erythrocyte, monocyte/
macrophage, and megakaryocyte (CFU-GEMM), 
lineage-restricted progenitor CFU-granulocyte 
and monocyte/macrophage (CFU-GM) and the 
precursors of granulocytes (CFU-G) and mono-
cytes/macrophages (CFU-M), 2×104 BM cells or 
1×106 SP cells were plated in MethoCult™ GF 
M3434 methylcellulose medium according to 
the manufacturer’s protocol. Colonies were 
counted after 10 days in culture. For re-plating 
analyses, 2×104 BM cells were plated in 
MethoCult™ GF M3434 methylcellulose medi-
um. After 10 days, 2×104 colony cells were re-
plated. To detect CFU-erythroid (CFU-E) colo-
nies, 2×104 BM cells or 1×106 SP cells were 
plated in MethoCult™ M3334 methylcellulose 
medium according to the manufacturer’s proto-

col. CFU-E colonies were counted after 2 days 
of culture.

Analysis of oxygen consumption rate and ex-
tracellular acidification rate

Oxygen consumption rate (OCR) and extracel-
lular acidification rate (ECAR) were measured 
using a Seahorse XF24 Extracellular Flux Ana- 
lyzer (Seahorse Bioscience, USA). Oligomycin, 
carbonyl cyanide 4-(trifluoromethoxy)phenylhy-
drazone (FCCP), rotenone, antimycin, glucose, 
and 2-deoxy-D-glucose (2-DG) were obtained 
from Seahorse Bioscience. Firstly, the Sea- 
horse XF cell culture microplates were coated 
with 3.5 μg/cm2 of Corning Cell-Tak™ adhesive 
reagent (Corning, USA). For OCR analysis, the 
constituents were prepared in non-buffered 
IMDM, which is sodium bicarbonate- and 
HEPES-free IMDM (Thermo Fisher Scientific, 
USA) with 2% FBS, 100 IU/ml penicillin, and 
100 IU/ml streptomycin. 9×104 of K562 cells 
were resuspended in 100 μl non-buffered 
IMDM in one well of the Seahorse XF cell cul-
ture microplates, transferred into microplates, 
and then incubated at room temperature for  
30 mins. Subsequently, 575 μl of non-buffered 
IMDM was added in each well. To measure 
OCR, oligomycin and FCCP were diluted to 1 
μM, and rotenone and antimycin were diluted  
to 0.5 μM. For ECAR analysis, culture medium 
was changed to assay medium (XF base medi-
um DMEM supplemented with 2 mM gluta-
mine), and cells were incubated in a non-CO2 
incubator at 37°C for 1 h before ECAR assay. 
Glucose, oligomycin and 2-DG were diluted to 
10 mM, 1 μM and 50 mM, respectively. The 
automatic measurement of OCR and ECAR in 
real time was performed according to the man-
ufacturer’s protocol to detect live-cell bioener-
getic profiles.

Statistical analysis

Statistical analyses were performed with 
GraphPad Prism 6.0 (GraphPad Software Inc., 
USA). Data were presented as means ± s.d. All 
experiments were performed at least three 
times. We compared the results of the treat-
ment groups and the controls using Student’s 
t-test or two-way analysis of variance (ANOVA) 
followed by the Tukey’s multiple-comparison 
post-hoc test. Differences between groups 
were consid ered to be significant at a P value of 
<0.05.
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Results

DEHP suppresses erythropoiesis

To rapidly test whether DEHP influenced eryth-
ropoiesis, we used sodium butyrate (NaB) to 
induce erythroid differentiation in human K562 
and HEL cells [20]. The addition of DEHP in the 
culture medium did not affect K562 cell prolif-
eration (Figure 1A) and survival (Figure 1B). 
Based on previous reports about the plasma 
concentration of DEHP in chronic kidney dis-
ease (CKD) patients undergoing hemodialysis 
[25, 26], 1 μg/ml of DEHP was selected  
for most experiments in the present study. 
DEHP treatment substantially decreased NaB-
induced erythroid differentiation, which was 
evaluated based on Hgb production, in both 
K562 and HEL cells. Without NaB treatment, 
DEHP also decreased spontaneous erythroid 
differentiation, which resulted from increasing 
cell numbers (Figure 1C). Erythropoietin (EPO) 
is the primary cytokine that regulates erythro-
poiesis [27, 28]. The increment of DEHP con-

centration gradually and significantly suppress- 
ed the formation of EPO-induced CFU-Es in 
bone marrow (BM) (Figure 1D) and spleen (SP) 
cells (Figure 1E) in a dose-dependent manner. 
CFU-Es are differentiated form the earlier ery-
throid progenitor cells, BFU-Es [29]. DEHP also 
suppressed BFU-E formation (Figure 1F). Addi- 
tionally, DEHP did not influence the morphology 
of CFU-Es (Figure S1), or BFU-Es (Figure S2). 
These results not only demonstrated that  
DEHP suppressed erythropoiesis but also indi-
cated that the two human cell lines were com-
parable cell models that could be adopted in 
subsequent investigations.

DEHP suppresses the differentiation of HSPCs, 
whereas DEHP removal restores HSPC self-
renewal activity

To examine the effect of DEHP in the prolifera-
tion and differentiation of HSPCs after DEHP 
treatment, BM and SP cells were cultured in a 
methylcellulose-based medium. DEHP decrea- 
sed the formation of CFU-GEMM, CFU-GM, 

Figure 1. Exposure to DEHP suppresses erythroid differentiation. Human K562 cells were treated with different 
DEHP dosages. (A) Cell number and (B) cell death were analyzed by using trypan blue exclusion assay. (C) K562 and 
HEL cells were treated with NaB (K562: 2 mM; HEL: 0.1 mM) to induce erythroid differentiation in the presence of 
1 μg/ml DEHP or not. The globin protein expression in cells was examined by using benzidine staining. (D) BM and 
(E) SP cells were cultured in methylcellulose-based media with EPO and different dosages of DEHP for 2 days. CFU-
Es were counted by using phase-contrast microscopy. (F) BM and SP cells were cultured in methylcellulose-based 
media with other cytokines to maintain HSPC proliferation and differentiation in the presence of different DEHP 
dosages. The number of BFU-Es was counted by using phase-contrast microscopy. All experiments were repeated 
at least three times. The quantified data were presented as means ± s.d. Two-way ANOVA followed by the Tukey’s 
multiple-comparison post-hoc test was used for statistical analysis. *P<0.05; **P<0.01; ***P<0.001.
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CFU-G and CFU-M in both BM and SP cells  
in a dose-dependent manner (Figure 2). DEHP 
treatment did not affect the morphology of dif-
ferent types of CFUs (Figure S2). HSPC self-
renewal could be examined by re-plating cells 
in methylcellulose-based medium. HSPCs re- 
tained a similar capacity to generate hemato-
poietic cells in the second plating, while the 
potential decreased gradually in the third and 
fourth iterations (Figure 3A), which is consis-
tent with our previous observations [24]. The 
experimental design used to examine whether 
DEHP removal restored HSPC potential was 
presented in Figure 3B. In the first plating, 
DEHP significantly inhibited the clonogenic 
growth. Subsequently, similar colony numbers, 
which were compared to the number of first-
generation clonogenic formation in the DEHP-
treated group, were observed in the re-plated 
experiments without DEHP. However, continu-
ous exposure to DEHP in the second plating  
significantly decreased colony-forming capabil-
ity (Figure 3C). Overall, DEHP interfered tran-
siently with HSPC functions, because removal 
of DEHP in the second plating maintained simi-
lar self-renewal capability.

glycolytic activity (Figure 4C). Similar to the 
OCR analysis, DEHP treatment did not influ-
ence any glycolytic functions in undifferentiat-
ed K562 cells (Figure 4D). Subsequently, we 
analyzed whether DEHP reprogramed cellular 
bioenergetics in the course of erythroid 
differentiation.

K562 cells were treated with either NaB or 
NaB+DEHP for 24 h, and then subjected to OCR 
and ECAR assays. Compared to control cells, 
induction of erythroid differentiation not only 
increased basal and maximal mitochondrial 
respiration, but also promoted ATP production 
(Figure 5A and 5B). In addition, NaB treatment 
induced the decrease of glycolytic activities 
(Figure 5C and 5D). These results were consis-
tent with previous findings on the rearrange-
ment of glucose metabolism and energy con-
sumption during erythropoiesis in chicken T2EC 
cells [19]. However, the addition of DEHP into 
NaB-treated cells did not further influence cel-
lular bioenergetics, compared to cells treated 
with NaB only (Figure 5). These results indicat-
ed that the effects of DEHP on erythroid differ-

Figure 2. Exposure to DEHP impairs HSPC differentiation. In the presence 
or absence of DEHP (1 μg/ml), BM and SP cells were cultured in methyl-
cellulose-based media with various cytokines to maintain HSPC prolifera-
tion and differentiation for 10 days. The numbers of (A) CFU-GEMM, (B) 
CFU-GM, (C) CFU-G, and (D) CFU-M in the cultures were counted under 
phase-contrast microscopy. All experiments were repeated at least three 
times. The quantified data were presented as means ± s.d. One-way ANOVA 
followed by the Tukey’s multiple-comparison post-hoc test was used for sta-
tistical analysis. *P<0.05; **P<0.01; ***P<0.001.

DEHP does not reprogram cel-
lular bioenergetics during ery-
throid differentiation

Previous studies have indicated 
that DEHP treatment influen- 
ces cellular glucose metabo-
lism [13], and erythropoiesis is 
highly associated with repro-
gramming of glucose metabo-
lism and energy consumption 
[19]. Firstly, we examined whe- 
ther DEHP influenced energy 
metabolism in undifferentiated 
K562 cells. K562 cells were 
treated with 1 μg/ml DEHP for 
24 h, and then collected for 
OCR and ECAR assays. Mito- 
chondrial respiration reflected 
by OCR levels was detected 
(Figure 4A). DEHP treatment 
did not influence mitochondrial 
respiration parameters in undif-
ferentiated K562 cells (Figure 
4B). For the ECAR assay, cells 
were cultured in the assay buf-
fer without glucose for 1 h. 
Then, glucose was used to elicit 
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entiation do not occur via modulation of cellular 
bioenergetics.

DEHP induces Klotho expression which affects 
erythroid differentiation

Previous studies have demonstrated that loss 
of Klotho, which was initially considered an 
anti-aging gene, disrupted HSPC homing, and 
increased erythropoiesis [30]. Here, we found 
that the addition of DEHP in NaB-treated K562 
cells markedly upregulated KLOTHO expres-
sion, while NaB treatment alone downregulated 
KLOTHO expression (Figure 6A). Furthermore, 
DEHP exposure induced Klotho expression in 
mouse CFU-E cells significantly (Figure 6B). To 
confirm the influence of Klotho in DEHP-
mediated suppression of erythropoiesis, the 
knockdown approach was used. Three human 
KLOTHO shRNAs were expressed transiently in 
K562 cells for 3 days, and KLOTHO-C2 and -E2 
shRNAs exhibited better knockdown efficiency 
(Figure 6C). Afterward, KLOTHO-C2 and -E2 
shRNA-expressed K562 cells were treated  
with either NaB or NaB+DEHP. Knockdown of 
KLOTHO significantly increased erythroid differ-
entiation, which was consistent with a previous 
report [30]. Notably, KLOTHO knockdown abol-
ished DEHP-mediated suppression of erythroid 
differentiation (Figure 6D). Overall, the results 
indicated that DEHP downregulated erythroid 
differentiation via induction of Klotho expre- 
ssion.

Discussion

In the present study, our results demonstrated 
an unprecedented link between DEHP and 
Klotho in erythroid differentiation. DEHP 
seemed to transiently impair HSPC functions 
and erythroid differentiation. We further 
revealed that DEHP suppressed erythroid dif-
ferentiation through the upregulation of Klotho 
expression in hematopoietic cells, and not via 
modulation of cellular bioenergetics (Figure 7). 
Our results indicated that DEHP did not inter-
fere with cellular bioenergetics in hematopoi-
etic cells, while numerous studies have demon-
strated that DEHP influences mitochondrial 
function and energy metabolism in other cell 
types [31-35]. Previous studies have demon-
strated that DEHP affects HSPC functions [5, 
6]. Our results further explored the fact that 

Figure 3. DEHP removal restores the self-renewal 
capacity of HSPCs. A. BM cells were cultured in 
methylcellulose-based media with various cytokines 
to maintain HSPC proliferation and differentiation. 
After 10 days, the total colony number in the cul-
ture was counted under phase-contrast microscopy. 
Subsequently, 2×104 colony cells were re-plated. B. 
A schematic of the examination of DEHP effects on 
HSPC function by using re-plating approach. C. BM 
cells were cultured in methylcellulose-based media 
with or without DEHP (1 μg/ml), and the results of 
the first plating and re-plating assay were shown. All 
experiments were repeated at least three times. The 
quantified data were presented as means ± s.d. Two-
way ANOVA followed by the Tukey’s multiple-compar-
ison post-hoc test was used for statistical analysis. 
**P<0.01; ***P<0.001.
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Figure 4. DEHP does not affect mitochondrial respiration and glycolytic function in undifferentiated K562 cells. A. The OCR profile of K562 cells treated with (red 
line) or without 1 μg/ml of DEHP (blue line). B. The non-mitochondrial oxygen consumption, basal and maximal respiration, ATP production and spare respiration 
capacity were determined by calculating average values for each phase in the K562 cells. C. The ECAR profile of K562 cells treated with (red line) or without 1 μg/
ml of DEHP (blue line). D. Non-glycolytic acidification, glycolysis, glycolytic capacity, and glycolytic reserve were determined by calculating the average values for 
each phase in K562 cells. All experiments were repeated at least three times. The quantified data were presented as means ± s.d. The Student’s t-test was used 
for statistical analysis.
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Figure 5. DEHP does not reprogram cellular bioenergetics during erythroid differentiation. K562 cells were treated with or without DEHP (1 μg/ml) in the presence 
or absence of NaB (2 mM). A. The OCR profile of K562 cells with different treatments. B. Non-mitochondrial oxygen consumption, basal and maximal respiration, 
and ATP production were determined by calculating average values for each phase in K562 cells. C. The ECAR profile of K562 cells with different treatments. D. 
Non-glycolytic acidification, glycolysis, glycolytic capacity, and glycolytic reserve were determined by calculating average values for each phase in K562 cells. All 
experiments were repeated at least three times. The quantified data were presented as means ± s.d. Two-way ANOVA followed by Tukey’s multiple-comparison post-
hoc test was used for statistical analysis. *P<0.05; **P<0.01; ***P<0.001.
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ally associated with vesiculation, osmotic 
stress, and Hgb loss. DEHP and other plasticiz-
ers exhibit different effects in membrane stabi-
lization [45]. The RBC vesiculation is associat-
ed with the shedding of extracellular vesicles 
(EVs) from RBC surface. EVs loaded with pro-
teins, lipids, and microRNAs might be vital for 
cell-cell communication. RBCs release EVs dur-
ing erythropoiesis, aging and disease condi-
tions. Current evidences indicate that these 
RBC-secreted EVs could regulate NO and O2 
homeostasis, redox balance and immunomod-
ulation. The well-known RBC-EV-driven disease 
sequelae are its procoagulant effects [46]. Due 
to how DEHP influences RBC membrane stabili-
zation when RBCs are stored for transfusion, 
whether DEHP affects EV biogenesis under 
blood banking conditions and the consequen-

Figure 6. DEHP induces Klotho expression to impair erythroid differentia-
tion. A. K562 cells were treated with or without DEHP (1 μg/ml) in the pres-
ence or absence of NaB (2 mM). After 24 h, cells were collected, and then 
subjected to RNA extraction. Human KLOTHO expression was measured 
using quantitative reverse transcription polymerase chain reaction (RT-qP-
CR). B. Mouse BM cells were cultured in methylcellulose-based media with 
EPO for 2 days to generate CFU-E cells under different DEHP doses. The 
CFU-E cells were collected, and then subjected to RNA extraction. Mouse 
Klotho expression was measured using RT-qPCR. C. Scrambled shRNA 
(Scr) and three human KLOTHO shRNA were transiently expressed in K562 
cells. The KLOTHO proteins were detected by using western blot analysis. 
GAPDH protein levels were used as loading controls. D. The transfected 
K562 cells were treated with or without DEHP (1 μg/ml) in the presence 
of NaB (2 mM) for 3 days. The globin protein expression was examined 
by using benzidine staining. All experiments were repeated at least three 
times. The quantified data were presented as means ± s.d. Two-way ANOVA 
followed by Tukey’s multiple-comparison post-test was used for statistical 
analysis. *P<0.05; **P<0.01; ***P<0.001.

DEHP transiently impairs HSPC function and 
suppresses erythroid differentiation. In addi-
tion, DEHP induces cell cycle arrest and 
increases apoptosis in human H9 embryonic 
stem cell line via the PPARg/PTEN/AKT path-
way [36]. Taken together, this evidence reveal- 
ed a new health concern about DEHP in stem 
cell function and viability.

Klotho proteins are required for high-affinity 
binding of fibroblast growth factors (FGFs) in- 
cluding FGF19, FGF21, and FGF23 to their cog-
nate FGF receptors (FGFR) [37]. While the role 
of FGF19 in erythropoiesis remains unclear, 
loss of FGF23 or injection of FGF23 blocking 
peptides in mice increases EPO expression and 
erythropoiesis [38, 39]. In contrast, knockdown 
of FGF21 in zebrafish embryos decreases the 

expression of key genes that 
are involved in erythropoiesis, 
and reduces the production of 
erythroid cells [40]. Taken 
together, these results suggest 
that Klotho might collaborate 
with FGF23 to participate  
in DEHP-mediated suppressive 
effect in erythropoiesis.

Although our results demon-
strated that DEHP did not inter-
fere with cellular bioenergetics 
during erythropoiesis, a recent 
report indicated that DEHP and 
other plasticizers, which are 
used to make plastic bags for 
whole blood collection, offer 
different influences in cellular 
metabolism and ATP production 
in stored RBCs [41]. RBCs are 
typically kept in plastic bags  
for transfusions. During stor-
age, DEHP leaches from the 
bags, and intercalates into RBC 
membranes, which results in 
the reduction of morphological 
lesions and hemolysis [42], and 
improvement of RBC survival 
[43]. In addition, DEHP has an 
active effect on RBC shape by 
increasing the flip-flop of lipids 
between leaflets of plasma 
membranes, instead of just  
preventing the storage-related 
shape changes [44]. This RBC 
membrane stabilization is usu-



DEHP impairs erythropoiesis via induction of Klotho expression

1243 Am J Transl Res 2022;14(2):1234-1245

tial outcomes after transfusion are another 
health issue.

Conclusions

DEHP, the most common phthalate, leaches 
into the environment or directly into human tis-
sue easily. Previous studies have demonstrat-
ed that DEHP interferes with some HSPC func-
tions. In the present study, we demonstrated 
that exposure to DEHP transiently impairs 
HSPC function and suppresses erythroid differ-
entiation. We also demonstrated that DEHP 
downregulates erythroid differentiation through 
upregulation of Klotho expression in hemato-
poietic cells and not via modulation of cellular 
bioenergetics. Consequently, the present study 
provides a novel link between DEHP and Klotho 
in erythroid differentiation. In addition, our 
results could facilitate the assessment of novel 
DEHP-mediated effects in the environment and 
in human tissues.
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Figure S1. The morphology of BM-derived CFU-Es with different dosages of DEHP. 2×104 BM cells were plated in 
MethoCult™ M3334 methylcellulose medium for 2 days. The morphology of CFU-E colonies was taken by using 
phase-contrast microscope.

Figure S2. The morphology of BM-derived CFU-GEMM, -GM, -G, -M and BFU-E in different dosages of DEHP. 2×104 
BM cells were plated in MethoCult™ M3434 methylcellulose medium for 10 days. The morphology of different types 
of colonies was taken by using phase-contrast microscope.


