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Abstract
Background: Iron	deficiency	anemia	(IDA)	and	heavy	menstrual	bleeding	are	preva-
lent,	interrelated	issues	impacting	over	300	million	premenopausal	women	worldwide.	
IDA	is	generally	associated	with	increased	platelet	counts;	however,	the	effects	of	IDA	
and	its	correction	on	platelet	function	in	premenopausal	women	remain	unknown.
Objectives: We	sought	 to	determine	how	 IDA	and	 intravenous	 iron	affect	platelet	
count and platelet function in premenopausal women.
Methods: Hematologic	indices	were	assessed	in	a	multicenter,	retrospective	cohort	
of	231	women	repleted	with	intravenous	iron.	Pre-		and	postinfusion	blood	samples	
were	then	obtained	from	a	prospective	cohort	of	13	women	to	analyze	the	effect	of	
intravenous iron on hematologic parameters as well as platelet function with flow 
cytometry and platelet aggregation assays under physiologic shear.
Results: Following	 iron	 replacement,	 anemia	 improved,	 and	 mean	 platelet	 counts	
decreased	 by	 26.5	 and	 16.0	K/mm3	 in	 the	 retrospective	 and	 prospective	 cohorts,	
respectively.	Replacement	 reduced	baseline	platelet	 surface	P-	selectin	 levels	while	
enhancing	platelet	secretory	responses	to	agonists,	including	collagen-	related	peptide	
and	ADP.	Platelet	adhesion	and	aggregation	on	collagen	under	physiologic	shear	also	
significantly increased following repletion.
Conclusion: We find that intravenous iron improves anemia while restoring platelet 
counts and platelet secretory responses in premenopausal women with iron defi-
ciency. Our results suggest that iron deficiency as well as iron replacement can have a 
range	of	effects	on	platelet	production	and	function.	Consequently,	platelet	reactiv-
ity	profiles	should	be	further	examined	in	women	and	other	groups	with	IDA	where	
replacement	offers	a	promising	means	to	improve	anemia	as	well	as	quality	of	life.
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Essentials

• The effects of iron deficiency on platelets in premenopausal women are poorly understood.
• We evaluate platelet count and function iron deficient women receiving intravenous iron.
• Intravenous iron decreased platelet count in women with iron deficiency.
• Correction of iron deficiency in women enhanced ex vivo platelet reactivity.

1  |  INTRODUC TION

Iron deficiency is the leading cause of anemia and is especially prev-
alent	in	women	of	reproductive	age,	affecting	the	health	and	well-	
being of one in five premenopausal women worldwide.1 Blood loss 
from	heavy	menstrual	bleeding	(HMB)	is	commonly	associated	with	
iron	deficiency	anemia	(IDA)	in	premenopausal	women,2,3 where de-
ficiencies	in	hemostasis	may	synergize	a	continued	cycle	of	bleeding	
and	iron	loss	detrimental	to	health	and	quality	of	life.4 Iron deficiency 
is	associated	with	thrombocytosis,5 or increased numbers of blood 
platelets,	the	cellular	mediators	of	primary	hemostasis,6 suggesting 
that	iron	deficiency	itself	affects	platelet	production.	Indeed,	IDA	is	
readily ameliorated with iron replacement therapy in a manner that 
also	 normalizes	 platelet	 counts	 as	 demonstrated	 in	 iron-	deficient	
blood	donors,7 subjects with anemia related to inflammatory bowel 
disease	(IBD),8	and	patients	with	chronic	kidney	disease	treated	with	
low-	molecular-	weight	iron	dextran	(LMWID).9	Multiple	studies	have	
evaluated the effects of intravenous iron replacement therapy on 
anemia	and	general	health	in	women;	however,	the	effect	of	intrave-
nous iron replacement on platelet counts in women remains poorly 
described.

While a number of studies demonstrate that iron replacement 
therapy improves anemia and reduces platelet counts in several 
different	IDA	contexts,	the	degree	to	which	platelet	function	is	af-
fected by iron deficiency and its treatment with iron replacement 
therapy	are	not	well	understood.	A	mixed	prospective	cohort	study	
of	male	 and	 female	 adults	 and	 children	 suggested	 that	 collagen-	
induced platelet aggregation is diminished in iron deficiency and 
improved with oral iron therapy.10 In a cohort of patients with IBD 
and	 IDA,	 intravenous	 iron	 replacement	 therapy	 also	 decreased	
platelet counts but reduced platelet agonist reactivity.11	A	recent	
study	of	women	with	IDA	demonstrated	an	increase	in	arachidonic	
acid– induced platelet aggregation with oral iron replacement.12 
Platelet agonist responses have also been noted to be diminished 
in	a	cohort	of	children	with	IDA.13 Despite accumulating evidence 
that	 iron	 deficiency	 alters	 platelet	 physiology,	 the	 mechanisms	
and	ubiquity	of	 this	 finding	 remain	unknown.	Characterization	of	
platelet function in adult premenopausal women undergoing in-
travenous	 iron	 replacement	 is	 especially	 lacking,	 and	 further	 in-
vestigation may inform our understanding of hemostatic factors 
contributing	to	HMB.

In	this	study,	we	aimed	to	determine	whether	iron	replacement	
therapy affects platelet count and platelet function in women with 
IDA.	We	 first	 examined	 the	 effects	 of	 iron	 replacement	 on	 ane-
mia	and	platelet	count	in	a	large,	retrospective	cohort	of	231	pre-
menopausal	woman	with	IDA.	Then,	we	carried	out	a	prospective	
cohort study to assess the effects of iron replacement on anemia 
and platelet count as well as platelet phenotype and reactivity in 
12	women	with	IDA.	Our	results	suggest	that	iron	replacement	im-
proves	anemia	while	lowering	platelet	counts,	reversing	a	degran-
ulated platelet phenotype to restore platelet reactivity in women 
with	IDA.

2  |  METHODS

2.1  |  Retrospective cohort

This study was conducted with the approval of the Oregon Health 
&	 Science	 University	 (OHSU)	 Institutional	 Review	 Board	 (IRB;	
STUDY00019570)	 before	 initiation.	 Women	 between	 18	 and	
40	 years	 of	 age	 with	 an	 International	 Classification	 of	 Diseases,	
Tenth	Revision,	diagnosis	of	IDA	who	underwent	intravenous	infu-
sion	 of	 ferumoxytol	 or	 LMWID	 between	April	 2018	 and	October	
2020	were	identified	among	OHSU	and	five	affiliated	regional	out-
patient community hematology practices. Women who achieved a 
state	of	 iron	repletion,	meeting	both	criteria	of	preinfusion	ferritin	
<20 µg/L	 and	postinfusion	 ferritin	≥50	µg/L	were	 included	 in	our	
analysis. Preinfusion cell indices were documented from the last clin-
ical	lab	draw	occurring	no	more	than	3	months	in	advance	of	the	in-
fusion date. Postinfusion cell indices were documented from clinical 
lab	draws	closest	in	time	to	7	weeks.	Thrombocytosis	was	defined	as	
platelet	counts	≥400	K/mm3. Patients who were pregnant or within 
6	months	postpartum,	those	with	documented	platelet	disorders	or	
hematologic	malignancies,	or	those	receiving	antineoplastic	chemo-
therapy were excluded from this cohort.

2.2  |  Prospective cohort

Women with levels of ferritin <50 µg/L	undergoing	iron	replace-
ment	with	a	single	dose	of	1000	mg	of	LMWID	(Infed)	were	invited	
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to	 participate	 in	 a	 single-	center	 prospective	 study.	 Of	 the	 17	
women	contacted	between	October	1,	2020,	and	May	31,	2021,	
13	chose	to	participate	and	gave	consent	for	the	study.	This	study	
was	 approved	 by	 the	 OHSU	 IRB	 (STUDY00022104)	 before	 en-
rollment	of	any	participants.	Women	who	were	pregnant,	within	
6	 months	 postpartum,	 or	 taking	 antiplatelet	 therapies	 were	 ex-
cluded.	All	participants	signed	informed	consent	before	initiation	
of any study procedures. Venous blood samples were collected 
from	participants	by	venipuncture	 into	3.8%	sodium	citrate	 (1:9,	
v/v)	 on	 the	 date	 of	 infusion	 (preinfusion)	 and	 again	 at	 next	 fol-
low-	up	visit	 (median,	10	weeks;	range,	6-	16	weeks).	Standard-	of-	
care monitoring of iron indices and complete blood counts were 
performed at both time points and extracted from the electronic 
health	record.	The	minimum	hemoglobin	and	peak	platelet	count	
in the 6 months preceding infusion were used in calculating rates 
of anemia or thrombocytosis during iron deficiency. Clinical and 
demographic information was also obtained from the electronic 
health	record.	The	presumed	cause	of	iron	deficiency	was	acquired	
from the preinfusion hematology visit note or the documentation 
from the referring primary provider.

2.3  |  Flow cytometry analysis of platelet reactivity

Citrate-	anticoagulated	 blood	 was	 diluted	 1:5	 in	 modified	 N-	
2-	hydroxyethylpiperazine-	N-	2-	ethane	 sulfonic	 acid	 (HEPES)/
Tyrode	 buffer	 (HT;	 129	mM	NaCl,	 0.34	mM	Na2HPO4,	 2.9	mM	
KCl,	12	mM	NaHCO3,	20	mM	HEPES,	5	mM	glucose,	1	mM	MgCl2; 
pH	 7.3).	 Diluted	whole-	blood	 samples	were	 then	 aliquoted	 to	 a	
set of tubes preloaded with platelet agonists and fluorescently 
labeled	antibodies.	After	30-	minute	incubation	at	37°C,	samples	
were	fixed	with	2%	paraformaldehyde	(PFA),	diluted	in	phosphate	
buffered	 saline	 (PBS),	 and	 analyzed	 with	 a	 FACSCanto	 II	 flow	
cytometer	 (BD	 Biosciences,	 San	 Jose,	 CA,	 USA)	 as	 previously	
described for platelet α-	granule	 secretion	 and	 platelet	 integrin	
activation.14	Data	were	analyzed	using	FlowJo	software	(Ashland,	
OR,	USA)	and	presented	as	mean	fluorescence	intensity	as	previ-
ously described.14

2.4  |  Platelet adhesion under flow

Ibidi µ-	slide	 VI	 chamber	 channels	 were	 coated	 with	 100	 µg/mL	
of	 fibrillar	 type	 I	 collagen	 (Chrono-	Log	 Corp,	 Havertown,	 PA,	
USA),	 washed	 with	 PBS,	 then	 blocked	 with	 denatured	 bovine	
serum albumin before connecting the chamber to a syringe pump. 
Anticoagulated	whole-	blood	samples	were	perfused	through	each	
channel	at	a	shear	rate	of	300	s−1	for	5	minutes,	followed	by	wash-
ing for 2 minutes with modified HT buffer at the same shear rate 
before	 being	 fixed	 in	 4%	 PFA.	 Channels	 were	 imaged	 using	 dif-
ferential interference contrast optics with a Zeiss 40× lens on a 
Axiovert	 200	 M	 microscope	 (Zeiss,	 Oberkochen,	 Germany)	 and	
SlideBook	6	software.	To	compute	the	surface	area	and	number	of	

platelet	aggregates,	aggregates	were	manually	outlined	and	meas-
ured	 in	 each	 image	 using	 a	 Java	 plug-	in	 for	 ImageJ	 as	 described	
previously.15

2.5  |  Statistical analysis

Pre-		 and	 postinfusion	 ferritin	 and	 cell	 counts	 were	 compared	 by	
two-	sided	paired	t	tests.	Rates	of	thrombocytosis	at	pre-		and	postin-
fusion	time	points	were	compared	by	chi-	square	test.	Fluorescence-	
activated	 cell	 sorting	 and	 adhesion	 data	 were	 analyzed	 via	
two-	tailed	paired	sample	t	tests.	Statistical	significance	was	consid-
ered as P <	.05.	Statistical	calculations	were	performed	using	Prism	
9	(GraphPad	Software,	San	Diego,	CA,	USA).

TA B L E  1 Patient	demographic	and	clinical	characteristics	of	
the patients at baseline for the prospective cohort (n =	13)	and	
retrospective cohort (n =	231)	studies

Prospective 
cohort

Retrospective 
cohort

Number of women 13 231

Median	age	at	infusion	(IQR) 36	(29-	47) 33	(28-	37)

Median	time	to	postinfusion	
labs,	wks	(IQR)

10	(8-	12) 9	(6-	14)

Race,	n	(%)

White 12	(92) 183	(79)

Black … 14	(6.0)

Asian … 3	(4)

Unknown,	declined,	or	other 1	(8) 31	(13)

Ethnicity,	n	(%)

Non-	Hispanic 11	(92) 197	(85)

Hispanic 2	(8) 22	(10)

Unknown	or	declined … 12	(5)

Suspected	cause	of	iron	deficiency,	n	(%)

Heavy menstrual bleeding 11	(85) 116	(50)

Bariatric surgery 2	(15) 25	(11)

Insufficient	dietary	intake … 11	(5)

Inflammatory bowel disease … 13	(6)

Gastrointestinal blood loss … 10	(4)

Unknown	etiology	or	other … 56	(24)

Preinfusion iron status and anemia

Iron deficiency without 
anemia,	n	(%)

6	(46) 88	(38)

Iron	deficiency	with	anemia,	
n	(%)

7	(54) 143	(62)

Iron deficiency with anemia 
and	thrombocytosis,	
n	(%)

2/7	(15) 14/143	(6)

Preinfusion	ferritin,	mean	
(±SD)	ng/dL

14.4 (±9.3) 11.1 (±4.8)

Abbreviations:	IQR,	interquartile	range;	SD,	standard	deviation.
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3  |  RESULTS

3.1  |  Iron replacement decreases platelet count in 
iron- deficient women

We	sought	 to	evaluate	 the	 impact	of	 iron	repletion	on	 IDA,	plate-
let	count,	and	other	related	hematologic	 indices	 in	premenopausal	
women.	First,	we	analyzed	 the	medical	 records	of	 a	 retrospective	
cohort	of	231	iron-	deficient	(ferritin	<20 µg/L)	women	who	under-
went	 intravenous	 infusion	 with	 ferumoxytol	 or	 LMWID	 who	 had	
achieved iron repletion (ferritin >50 µg/L)	at	follow-	up.	Clinical	and	
demographic characteristics of the retrospective and prospective 
cohorts for this study are detailed in Table 1. The mean ferritin be-
fore infusion was 11.1 (±4.8;	range,	2-	19)	µg/L	and	increased	to	133	
(±80.9;	range,	52-	531)	µg/L	after	infusion.	In	the	retrospective	co-
hort,	143	women	(62%)	were	anemic	before	infusion.	Mean	preinfu-
sion hemoglobin was 12.1 (±1.5;	range,	6.4-	15.5)	g/dL	and	improved	
to 12.9 (±1.2;	 range,	4–	15.3)	 g/dL	 after	 iron	 repletion	 (P < .0001; 
Figure	 1A).	 Mean	 hematocrit	 improved	 from	 37.4%	 (±4.0;	 range,	
24.5-	47.8)	 to	39.2%	 (±3.1;	 range,	26.6-	47.5;	P <	 .0001;	Figure	1B)	
and	red	blood	cell	(RBC)	count	rose	from	4.3	(±0.4;	range,	3.2-	5.7)	
to 4.4 (±0.4;	 range,	 3.1-	5.6)	 M/mm3 (P <	 .005)	 after	 intravenous	
iron	therapy	(Figure	1C).	Mean	preinfusion	platelet	count	was	288	
(±97;	range,	46-	991)	K/mm3 compared to 261 (±84;	range,	43-	892)	
K/mm3 after infusion (P<	 .005;	Figure	1D).	The	average	change	to	
platelet	count	with	iron	infusion	was	−26.5	K/mm3	(95%	confidence	
interval	[CI],	−32.1	to	−20.93).	Thrombocytosis	was	observed	in	18	

(7.8%)	patients	before	infusion,	and	7	(3.0%)	patients	after	infusion	
(P <	.05).	Mean	platelet	volume	(MPV)	(Figure	1E)	and	white	blood	
cell	(WBC)	count	(Figure	1F)	were	unchanged.

Given the effects of iron repletion on platelet count noted in the 
retrospective	cohort	above,	we	next	prospectively	enrolled	a	cohort	
of	13	premenopausal	women	who	were	 iron	deficient	 to	examine	
hematologic indices and to also evaluate any alterations in platelet 
function	 that	 may	 occur	 after	 iron	 replacement.	 Eleven	 patients	
in	 this	 prospective	 cohort	 (85%)	 had	 iron	 deficiency	 attributed	 to	
HMB.	As	seen	 in	Figure	2A,	the	mean	ferritin	before	 infusion	was	
14.4 (±9.2;	range,	3-	37)	µg/L	and	rose	to	145	(±78;	range	13–	258)	
µg/L	after	 infusion	 (P<.0001),	where	one	patient	 failed	 to	achieve	
iron repletion (>50 µg/L)	after	infusion	and	was	not	included	in	ex-
periments	going	forward.	The	mean	6-	month	hemoglobin	nadir	be-
fore infusion was 11.9 (±1.9;	range,	8.2-	15.2)	g/dL	and	rose	to	13.3	
(±1.1;	 range,	 11.1-	15.2)	 g/dL	 after	 infusion	 (P <	 .005)	 (Figure	 2B).	
The	mean	peak	platelet	count	within	6	months	before	infusion	was	
309	K/mm3 (±89;	 range,	 188-	450)	 compared	 to	 274	 (±64;	 range,	
185-	414)	 K/mm3 after infusion (P <	 .05)	 (Figure	 2E).	 The	 average	
change	 in	platelet	count	after	 infusion	was	−35.2	K/mm3	 (95%	CI,	
−66.2	to	−5.23).	Like	the	retrospective	cohort	above,	there	was	no	
significant	change	 to	MPV	 (Figure	2F)	or	WBC	counts	 (Figure	2G)	
following iron replacement. Together with the findings from a ret-
rospective	cohort	reported	above	 (Figure	1),	 these	results	suggest	
that iron replacement therapy improves anemia in premenopausal 
women in a manner associated with a small but significant decrease 
in platelet count.

F I G U R E  1 Intravenous	iron	
replacement improves hemoglobin and 
red blood cell indices and reduces platelet 
count	in	a	retrospective	cohort	of	231	
women	with	IDA.	Clinical	laboratory	
indices	for	pre-		and	postinfusion	time	
points	are	shown	as	bar	graphs	for	(A)	
hemoglobin,	(B)	hematocrit,	(C)	red	blood	
cell	count,	(D)	platelet	count	(PLT),	(E)	
mean	platelet	volume,	and	(F)	white	blood	
cell count. **P < .005; ****P < .0001
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3.2  |  Iron repletion enhances ex vivo platelet 
hemostatic responses

To determine how iron repletion affects platelet phenotype and 
reactivity,	we	used	a	 flow	cytometry	workflow	to	analyze	platelet	
α-	granule	secretion	and	integrin	αIIbβ3 activation in pre–  and post– 
iron	 replacement	 therapy	 whole-	blood	 samples	 from	 11	 women	
in	our	prospective	cohort	 above.	Following	collection	 into	 sodium	
citrate,	whole	blood	was	diluted	into	HT	buffer	(1:5)	and	aliquoted	
into	 a	 set	 of	 tubes	 preloaded	 with	 fluorophore-	conjugated	 anti-
bodies	 (ie,	PAC1-	FITC,	CD62-	APC)	and	platelet	agonists,	 including	
crosslinked	 collagen-	related	 peptide	 (CRP-	XL),16	 ADP,	 and	 throm-
boxane analog U46619. Previous studies from our group and others 
have	 established	 standardized	 protocols,	where	 platelet	α-	granule	
secretion and integrin αIIbβ3 activation increases in an agonist 
concentration– dependent manner.17-	20	 At	 baseline,	 surface	 levels	
of	 platelet	 P-	selectin—	a	 marker	 of	 platelet	 degranulation	 and	 α-	
granule	secretion—	significantly	decreased	on	unstimulated	platelets	
in	 whole-	blood	 samples	 after	 iron	 repletion	 (Figure	 3A,B).	 There	
was no significant change in platelet integrin activation in resting 
or	 agonist-	stimulated	 platelets	 following	 iron	 repletion.	 However,	
platelet	 secretory	 responses,	measured	 as	 fold-	change	 surface	 P-	
selectin,	were	 enhanced	 in	 response	 to	CRP-	XL	 and	ADP	but	 not	
U46619 for post– iron repletion samples. These results from flow 
cytometry	 experiments	 suggest	 that	 platelets	 in	women	with	 IDA	
circulate in a mildly degranulated state that corrects with iron reple-
tion,	restoring	or	enhancing	platelet	reactivity.

To	 assess	 the	effects	of	 IDA	and	 iron	 replacement	 therapy	on	
platelet	 function	 in	 a	 physiological	 context,	we	measured	 platelet	
adhesion and aggregation as whole blood was passed over type I 
collagen	at	venous	shear	(300	s−1	for	5	minutes),	utilizing	pre–		and	
post– iron replacement blood samples from nine women in the pro-
spective	cohort.	As	seen	 in	Figure	4,	platelet	adhesion	and	aggre-
gate formation on collagen significantly increased in all paired blood 
samples after iron replacement therapy. The mean surface cover-
age	was	18%	before	 infusion	versus	31%	after	 infusion	 (P <	 .005)	
(Figure	 4).	 Together	 with	 the	 flow	 cytometry	 experiments	 above,	

these results demonstrate that iron replacement therapy enhances 
aspects	of	platelet	reactivity	ex	vivo	 in	whole-	blood	samples	from	
women	with	IDA.

4  |  DISCUSSION

In	 this	 study,	we	examined	 the	contributions	of	 IDA	and	 its	 cor-
rection with iron replacement therapy to platelet count and plate-
let function in two cohorts of premenopausal women. In a large 
retrospective	 cohort	 of	 231	 premenopausal	 women	 with	 IDA,	
we found higher rates of thrombocytosis and noted a decrease in 
mean	platelet	counts	with	iron	repletion.	Similar	findings	were	also	
apparent	 in	 a	 prospective	 cohort	 of	 13	 adult	women	with	 vary-
ing	degrees	of	iron	deficiency,	where	we	measured	a	decrease	in	
mean platelet count following iron replacement therapy. While 
it has previously been noted that iron replacement therapy can 
lower	platelet	counts	in	other	contexts	of	IDA	(ie,	IBD,8,11 chronic 
kidney	disease9),	our	study	provides	support	for	this	phenomenon	
occurring	in	premenopausal	women	with	iron	deficiency,	a	condi-
tion	 strongly	associated	with	HMB	and	diminished	 self-	reported	
quality	of	life.21	In	addition	to	decreasing	platelet	counts,	iron	re-
pletion	also	decreased	 levels	of	P-	selectin	on	the	surface	of	qui-
escent	 platelets	 from	women	with	 IDA	while	 enhancing	 platelet	
degranulation	 upon	 exposure	 to	 CRP-	XL	 or	 ADP.	 Platelet	 adhe-
sion to fibrillar collagen at venous shear rates also significantly in-
creased	after	intravenous	iron.	Overall,	our	observations	suggest	
that iron levels impact platelet count and may also have effects on 
platelet function in hemostasis.

Our study finds that iron replacement therapy decreases mean 
platelet	counts	 in	premenopausal	women	with	IDA	to	a	similar	ex-
tent	as	other	IDA	patient	groups	treated	with	iron	replacement	ther-
apies.	For	instance,	in	a	retrospective	cohort	of	adult	blood	donors,	
Eder	et	al7	observed	a	decrease	 in	platelet	count	 (−19.8	K/mm3)	 in	
a subgroup analysis of female blood donors of any age with base-
line ferritin <20 µg/L	 treated	with	 oral	 iron.	 Recent	 studies	 have	
begun to investigate mechanistic underpinnings of these findings. 

F I G U R E  2 Iron	replacement	improves	anemia	and	reduces	platelet	count	in	a	prospective	cohort	of	13	women	with	IDA.	(A)	Change	plot	
for	ferritin	concentration	measured	before	and	after	infusion.	Individual	calculated	ferritin	change	scores,	mean	change,	and	95%	confidence	
interval	are	provided.	Bar	graphs	of	clinical	laboratory	indices	are	shown	for	pre-		and	postinfusion	time	points	for	(B)	hemoglobin,	(C).	
hematocrit,	(D)	red	blood	cell	(RBC)	count,	(E)	platelet	count	(PLT),	(F)	mean	platelet	volume	(MPV),	and	(G)	white	blood	cell	(WBC)	count.	
*P < .05; **P < .005
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Interestingly,	 megakaryocytes	 share	 a	 mutual	 precursor	 cell	 with	
erythrocytes,	 and	 recent	 studies	 have	 demonstrated	 that	 mega-
karyocytic/erythroid	 progenitor	 cells	 (MEPs)	 are	 sensitive	 to	 the	
body’s	iron	status.	Using	both	genetic	mouse	models	with	homozy-
gous deletions of the Tmprss6 gene (simulating the physiologic con-
ditions	of	iron	deficiency),	and	mouse	models	with	acquired	dietary	
iron	deficiency,	 investigators	have	shown	that	MEPs	preferentially	
differentiate	 toward	 the	 production	 of	 megakaryocytes	 in	 iron-	
deficient states.22 The mechanism regulating this differentiation 
during	iron	deficiency	has	not	been	demonstrated,	though	it	appears	
to be independent of thrombopoietin.23	On	a	more	general	level,	it	
has	been	posited	that	thrombocytosis	during	IDA	may	be	an	adap-
tation to augment hemostasis in anemia related to blood loss.24	An	
example	of	this	phenomenon	was	recently	demonstrated	by	Jimenez	
et	al,25 which observed elevated platelet counts in conjunction with 
augmented hemostatic responses to tail injury that reversed after 
iron	repletion	in	a	rat	model	of	IDA.

A	number	of	studies	have	noted	increased	platelet	counts	in	IDA	
that	decrease	with	iron	replacement;	however,	the	effects	of	IDA	and	
its reversal with iron replacement therapy on platelet reactivity and 
function remain relatively unstudied. With flow cytometry analyses of 
whole	blood,	we	found	that	iron	repletion	decreased	P-	selectin	levels	
on	the	surfaces	of	platelets	from	women	with	 IDA	(Figure	3).	These	
findings suggest that platelets may circulate in a degranulated state 
in	women	with	IDA	in	a	manner	similar	to	some	chronic	inflammatory	
states	or	trauma,26-	28 where exhausted platelets are refractory to he-
mostatic	 activation.	 Indeed,	while	 iron	 repletion	decreased	 levels	of	
P-	selectin	on	quiescent	platelets,	iron	repletion	also	enhanced	plate-
let	 reactivity	 in	 response	 agonists—	specifically,	 P-	selectin	 exposure	
(Figure	3).	These	may	suggest	that	platelets	degranulate	in	circulation	
and	lose	reactivity	in	a	manner	restored	by	iron	repletion.	Jiminez	et	al25 
similarly	found	that	expression	of	P-	selectin	was	greater	on	platelets	in	

iron	deficiency	than	in	nondeficient	controls	or	iron-	deficient	rodents	
following repletion. In agreement with iron replacement therapy re-
storing platelet secretory activities relevant to hemostasis in women 
with	IDA,	we	also	found	a	significant	increase	in	platelet	adhesion	and	
aggregate formation when whole blood was flowed over collagen after 
iron	repletion	(Figure	4).

While our study offers some new insights into relationships be-
tween	 iron,	platelets,	and	hemostasis	 in	premenopausal	women,	the	
clinical implications of iron deficiency– associated thrombocytosis and 
alterations	in	platelet	function	remain	unclear.	For	instance,	in	a	large	
retrospective	cohort	study	including	36	327	patients	with	IDA,	throm-
bocytosis (defined in their study as a platelet count >450 × 109/L)	was	
present	in	32.6%	of	these	cases,29 and rates of thrombotic events were 
high and appeared to be associated with thrombocytosis. Other recent 
studies	have	also	noted	an	upregulation	of	coagulation	factor	enzyme	
activities	in	IDA	that	can	resolve	following	iron	replacement	therapy.30 
These	and	other	similar	findings	suggest	that	IDA	promotes	thrombo-
cytosis	as	well	as	thrombosis	in	some	contexts,	despite	a	general	loss	of	
platelet	hemostatic	function.	In	this	study,	we	find	that	platelet	reactiv-
ity	increases	following	iron	repletion;	however,	it	is	not	clear	if	platelet	
reactivity	 is	 low	 in	 IDA	or	enhanced	beyond	normal	 levels	 following	
iron	 repletion.	 Overall,	 the	 clinical	 significance	 of	 iron	 deficiency–	
associated	thrombocytosis	and	thrombotic	risk	in	women	who	are	iron	
deficient	requires	further	investigation.

Our findings further suggest that specific molecular and cellu-
lar	 mechanisms	 may	 underlie	 platelet	 hyporesponsiveness	 in	 iron-	
deficient	 states,	 especially	 for	 women	 with	 IDA.	 Our	 results	 are	
consistent with some prior studies showing diminished platelet ag-
gregation in adult10,31 and pediatric32,33	patients	with	IDA,	which	im-
proved after iron replacement therapy. These findings have not been 
consistent	in	the	literature,	however,	as	other	analyses	in	certain	set-
tings	such	as	pediatric	patients	with	 IDA34 or patients with IBD and 

F I G U R E  3 Iron	replacement	decreases	
P-	selectin	on	quiescent	platelets	from	
women	with	IDA	while	increasing	
platelet	secretory	reactivity.	Pre-		and	
postinfusion	whole-	blood	samples	were	
collected	from	11	women	with	IDA	in	the	
prospective cohort for flow cytometry 
analysis of platelet integrin activation 
and	degranulation.	(A)	Representative	
histogram	of	(B)	mean	fluorescence	
intensity	(MFI)	of	platelet	PAC1	and	
CD62 expression as measured by flow 
cytometry for platelets in the absence 
of	agonist	stimulation,	and	(C)	following	
30-	minute	incubation	with	crosslinked	
collagen-	related	peptide	(CRP-	XL),	ADP,	
and	the	thromboxane	analog	U46619,	
before and after intravenous iron 
replacement. *P < .05
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thrombocytosis11 have reported the reverse effect. It is possible that 
platelet responses to iron deficiency differ based on the level of iron 
deficiency.	In	fact,	there	is	evidence	that	iron	induces	platelet	aggre-
gation	in	a	dose-	dependent	manner.	One	such	study	investigated	the	
role of iron in modulating platelet aggregation in response to colla-
gen	 through	 free-	radical	 formation	 created	 in	 the	 Fenton	 reaction,	
where hemoglobin released from damaged RBCs is capable of induc-
ing	platelet	aggregation,	which	is	inhibited	by	radical	scavengers.35 In 
whole	blood,	platelet	reactivity	and	aggregation	was	influenced	by	the	
availability	of	both	endogenous	and	exogenous	sources	of	Fe2+,	which	
acted as a source of hydroxyl radicals that act on platelets through a 
protein	kinase	C–	mediated	mechanism.36 This suggests that platelet 
function	is	impaired	in	the	absence	of	iron.	However,	while	platelet	ac-
tivation	may	be	impaired	in	iron	deficiency,	there	may	also	be	elevated	
risk	of	thrombotic	events	 in	a	manner	related	to,	or	 independent	of,	
platelet effects. The relevance of prothrombotic tendencies versus im-
paired platelet hemostatic activities in iron deficiency demands further 
evaluation in larger clinical and mechanistic studies.

4.1  |  Limitations

The strengths of our study include the use of mixed prospective and 
retrospective methods for evaluating changes to platelet count and 
other cell indices in women undergoing iron replacement. We applied 
multiple approaches to begin to explore a poorly understood relation-
ship between iron deficiency and platelet function in premenopausal 
women.	Limitations	of	our	study	stem	from	the	small	size	of	our	pro-
spective	cohort,	where	it	was	not	possible	to	draw	robust	conclusions	
about the clinical significance of these changes to platelet count and 
function.	 Moreover,	 due	 to	 the	 limited	 scope	 of	 our	 clinical	 study,	
only	a	small	set	of	platelet	indices	were	examined.	For	instance,	clini-
cal blood samples were not collected to assess intracellular signaling 
events or levels of phosphatidylserine exposure on prothrombotic 
platelets.	Future	studies	will	explore	additional	mechanistic	questions	
in	depth,	aiming	to	uncover	the	biochemical	pathways	affected	by	iron	
levels in platelets with proteomics and systems biology tools37 as well 
as microscopy38 and other ex vivo methods.

5  |  CONCLUSION

In	this	study,	we	combined	retrospective	and	prospective	analyses	
to demonstrate that iron replacement therapy significantly reduces 
platelet	count	in	premenopausal	women	with	IDA	while	decreasing	
quiescent	platelet	P-	selectin	surface	expression,	enhancing	platelet	
degranulation	upon	exposure	to	agonists,	and	increasing	platelet	ad-
hesion to fibrillar collagen at physiological sheer rates.
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