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Abstract

Patients with Fe-deficiency anaemia are often afflicted by hypotension. However, the mechanism of secondary hypotension in

Fe-deficiency anaemia is unknown. To investigate the pathogenesis of secondary hypotension in Fe-deficiency anaemia, we examined

the effects of Fe deprivation on plasma aldosterone concentration and blood pressure in rats. A total of forty 4-week-old male Spra-

gue–Dawley rats were assigned into four treatment groups of ten each for the 4-week study: Fe-deficient group (FD), Zn-deficient

group (ZD), Fe/Zn-deficient group (FZD) and control group (CON). At days 26 and 27, blood pressure was measured by the tail-cuff

method. Plasma aldosterone concentration was determined by ELISA. The data were analysed by Tukey’s multiple comparison test.

Rats in the FZD had significantly lower mean blood pressure (P,0·01) and diastolic blood pressures (P,0·05) and plasma aldosterone

concentration (P,0·01) compared to the CON. These results suggest that blood pressure is decreased in Fe-deficiency anaemia combined

with Zn deficiency partly due to decreased circulating aldosterone concentrations in addition to decreased haematocrit.
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Fe deficiency has been a very important health problem

from the nineteenth century(1–3). Even today, Fe deficiency

is the most common nutritional disorder that requires effec-

tive measures for prevention(4). The WHO estimated that

two billion people worldwide are suffering from Fe-

deficiency anaemia, and four billion people or about

65 % of the world population from latent Fe deficiency or

Fe deficiency without anaemia(5). It is well known that

Fe deficiency induces lethargy including decreased work

performance(6) and cognitive performance(7), and deterio-

rates homeostatic control of heat production(8–11).

Anaemia is known to cause hypotension(12). The

accepted mechanism of anaemia-induced hypotension in

general medical textbooks(13) is a reduction in peripheral

vascular resistance because of the decreased blood vis-

cosity due to the reduced haematocrit based on Poiseuille’s

(or Hagen–Poiseuille) law(14,15). However, Whittaker’s

classic study found that haematocrit less than 40 % does

not much affect apparent viscosity in vivo measured in a

canine hindlimb, although haematocrit more than 40 %

does increase apparent viscosity in vivo (16,17). Hypoaldos-

teronism generally evokes hypotension(18,19). However,

plasma aldosterone concentration in Fe deficiency was

not reported.

The experiment described here was designed to deter-

mine the effect of Fe deficiency on blood pressure and

plasma aldosterone concentration in rats, and to test

whether aldosterone is involved in the pathogenesis of sec-

ondary hypotension in Fe-deficiency anaemia. The combi-

nation of Fe deficiency and Zn deficiency was also

examined, because the co-occurrence of Fe and Zn

deficiencies has been found in infants(20), adolescents(21)

and young women(22,23).

Experimental methods

Animals and diets

A total of forty 4-week-old male Sprague–Dawley rats

were purchased from Japan SLC, Inc., Shizuoka, Japan.

The animals were randomly assigned into four dietary

treatment groups with an equal mean starting body

weight (79·7–79·8 g, SEM 0·8 g). All the animals were

housed individually in stainless steel cages and given free

access to deionised water and diets. The room was
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maintained at 228C and 50 % relative humidity with a 12 h

light (07.00–19.00 hours)/dark (19.00–07.00 hours) cycle.

Diets were made using milk casein (vitamin-free casein;

Sigma-Aldrich Fine Chemicals, St Louis, MO, USA) and

were washed with EDTA (Nacalai Tesque, Kyoto, Japan)

solution and deionised water (MilliQ; Millipore, Billerica,

MA, USA)(11). A control diet with ingredients that followed

the AIN-93G formulation(24) was fed to the control group

(CON). Experimental diets were prepared by modifying

the AIN-93G formulation. An Fe-deficient diet contained

no supplemental ferric citrate and was fed to the

Fe-deficient group (FD). A Zn-deficient diet was sup-

plemented with 4·5 mg Zn/kg instead of 30 mg Zn/kg as

zinc carbonate in the AIN-93G formula and was fed to

the Zn-deficient group (ZD). The Fe/Zn-deficient diet

contained no supplemental Fe with supplemental 4·5 mg

Zn/kg and was fed to the Fe/Zn-deficient group (FZD).

Diets were analysed by inductively coupled plasma-MS.

The measured Fe content was 2·9 and 35·7 mg/kg in diets

without and with supplemental Fe, respectively. The

measured Zn content was 4·5 and 29·1 mg/kg in diets

with supplemental 4·5 and 30 mg Zn/kg, respectively.

At days 26 and 27, blood pressures (systolic blood press-

ure, diastolic blood pressure and mean blood pressure)

were measured in the light phase of the light–dark cycle

by the tail-cuff method (BP-98A; Softron Company,

Tokyo, Japan) by keeping rats at 378C in a body warmer.

In each group, one half of the animals were used to

measure blood pressures at day 26, and the other half

of the animals were used at day 27. The measured

blood pressures at both the days were combined for the

statistical analysis.

The present study was approved by the Ethical Commit-

tee for the Laboratory Animals of the Seitoku University. All

animal care guidelines and animal procedures followed

were concordant to Standards Relating to The Care and

Management of Experimental Animals (Notification no. 6,

1980, The Japan Prime Minister’s Office).

Biochemical analyses

After 4 weeks on the dietary regimens, rats were fasted

overnight and anaesthetised with diethyl ether. Blood

was collected from the abdominal aorta. The blood was

maintained at 48C and centrifuged at 1000g for 15 min to

separate plasma. The plasma was stored at 2808C until

assayed for aldosterone by an ELISA kit purchased from

Cayman Chemical Company (Ann Arbour, MI, USA).

Statistical analyses

The data were analysed by SYSTAT version 10.2 (SYSTAT

software, Inc., Richmond, CA, USA). Statistical analysis

was performed by Tukey’s multiple comparison test.

P values less than 0·05 were considered significant.

Results

Fig. 1 shows the blood pressures. Systolic blood pressure

of the FZD was significantly lower than that of the ZD.

Diastolic blood pressure of the FZD was significantly

lower than those of the CON and ZD. Mean blood pressure

of FZD was significantly lower than those of the CON

and ZD.

Table 1 shows the final body weight, total diet intake,

relative heart weight, plasma aldosterone concentration

and haematocrit. Final body weight and total diet intake

of all deficient groups were significantly lower than those

of the CON. The relative heart weight of the FD and FZD

was significantly higher than that of the CON. Plasma

aldosterone concentration of the FD and FZD was signifi-

cantly lower than that of the CON. The haematocrit data

reported previously(25) were statistically reanalysed for

reference. Haematocrit for the FD and FZD was signifi-

cantly lower than that for the CON.

Discussion

We found that blood pressures, plasma aldosterone con-

centration and haematocrit were significantly decreased

in Fe-deficiency anaemia combined with Zn deficiency.

In Fe-deficiency anaemia only, a decrease in blood press-

ure was not so marked to yield a statistical significance,

while plasma aldosterone concentration and haematocrit

were significantly decreased. Total diet intake and final

body weight were similarly decreased in the rats fed the

Fe-deficient diet, Zn-deficient diet and Fe/Zn-deficient

diet. Among these three experimental groups, no signifi-

cant difference was found in total diet intake and final

body weight. Therefore, it is reasonable to assume that

the blood pressure of all three experimental groups was

similarly affected by diminished final body weight that

apparently reflected lower blood pressure in the rats fed

the Fe-deficient diet and Fe/Zn-deficient diet.
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Fig. 1. Systolic, diastolic and mean blood pressures (SBP, DBP and MBP) in

rats fed a control, iron-deficient, zinc-deficient or iron/zinc-deficient diet. CON

( ), FD (B), ZD (A) and FZD ( ) denote control group, iron-deficient group,

zinc-deficient group and iron/zinc-deficient group, respectively. The column

indicates average blood pressures, and the short bar indicates standard

errors of the means. Mean values were significantly different from the ZD

according to Tukey’s multiple comparison test: *P,0·05, **P,0·01. Mean

values were significantly different from the CON according to Tukey’s mul-

tiple comparison test: †P,0·05, ††P,0·01.
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It is generally thought that blood pressure is decreased in

anaemia including Fe-deficiency anaemia by a decrease of

blood viscosity due to a decrease of haematocrit(13). Blood

pressure equals to cardiac output divided by total peripheral

resistance that is proportional to blood viscosity based on

Poiseuille’s law(14,15). Thus, blood viscosity is believed to

be a major determinant of blood pressure in anaemia. This

concept is essentially based on the experiments that used a

glass viscometer to measure blood viscosity.

However, Whittaker demonstrated that a change of

apparent viscosity was smaller in the range of haematocrit

20–40 % than haematocrit 40–60 % using a canine hind-

limb as an in vivo viscometer(16). The mechanism that

decreases blood pressure in Fe-deficiency anaemia is not

fully understood yet, although several decades have

already passed after Whittaker’s experiment.

It is well known that Fe-deficiency anaemia causes cardi-

omegaly and increases cardiac output(26) as a compen-

sation of the decreased Hb concentration, i.e. the

decreased oxygen-carrying capacity(27). The relative heart

weight was consistently increased by 11 and 21 % in the

FZD and FD, respectively, compared to the CON. Although

further verification including direct measurement of cardiac

output is necessary, the effect of reduction in the apparent

blood viscosity in vivo on blood pressure may be cancelled

by the increased cardiac output in Fe-deficiency anaemia,

assuming cardiac output paralleled to heart weight.

Crowe et al.(2) proposed that release of endothelial

vasodilators, such as NO or prostacyclin, might evoke

hypotension in Fe deficiency. Plasma NO (nitrate/nitrite)

concentration was, however, slightly decreased in

Fe-deprived rats(11).

Hypoaldosteronism generally evokes hypotension(18,19).

Aldosterone synthase (steroid 11b-monooxygenase, CYP11b2)

requires cytochrome P-450 Fe for its activity(28,29). Therefore,

an alternative hypothesis is that decreased aldosterone pro-

duction in addition to reduced haematocrit is responsible for

Fe-deficiency anaemia-induced hypotension.

The mineralocorticoid receptor that binds aldosterone as

a physiological ligand is a Zn finger transcription factor(30).

Considering the above, effects of decreased circulating

aldosterone due to Fe deficiency on blood pressure

might be enhanced by co-existing Zn deficiency to induce

hypotension, although further studies including analysis

of rennin–angiotensin system, aldosterone synthase and

mineralocorticoid receptor are necessary to confirm this

possibility.

In conclusion, Fe-deficiency anaemia combined with

Zn deficiency evoked hypotension, and decreased circu-

lating aldosterone concentrations might be partly involved

in the pathogenesis of secondary hypotension in

Fe-deficiency anaemia with Zn deficiency.

Acknowledgements

A part of the study was reported at the 13th International

Symposium on Trace Elements in Man and Animals

(TEMA), Pucón, Chile, 9–13 November, 2008. The TEMA

Fellowships for PhD students, post-doctorates and young

researchers, and Inoue Foundation for Science partly sup-

ported the present research. There is no conflict of interest.

A. K. designed the study, conducted the sample collection,

analysed the samples, did the data analysis, and contribu-

ted to the interpretation of the results, and the drafting

and the writing of the manuscript; K. Y. supervised the

entire study, advised on the design of the study, and con-

tributed to the interpretation of the results, and the drafting

and the writing of the manuscript.

References

1. Stockman R (1895) On the amount of iron in ordinary die-
taries and in some articles of food. J Physiol 18, 484–489.

2. Crowe C, Dandekar P, Fox M, et al. (1995) The effects of
anaemia on heart, placenta and body weight, and blood
pressure in fetal and neonatal rats. J Physiol 488, 515–519.

3. Gambling L, Dunford S, Wallace DI, et al. (2003) Iron
deficiency during pregnancy affects postnatal blood pressure
in the rat. J Physiol 552, 603–610.

4. Yokoi K, Konomi A & Otagi M (2009) Iron bioavailability of
cocoa powder as determined by the Hb regeneration effi-
ciency method. Br J Nutr 102, 215–220.

Table 1. Final body weight, total diet intake, relative heart weight, plasma aldosterone concentration and haematocrit
in rats fed a control, iron-deficient, zinc-deficient or iron/zinc-deficient diet

(Mean values with their standard errors)

CON FD ZD FZD

Mean SEM Mean SEM Mean SEM Mean SEM

Final body wt (g) 272a 7 222b 3 218b 6 205b 4
Total diet intake (g) 443a 13 351b,c 5 375b 14 328c 9
Relative heart wt (g/kg) 349a 6 424b 6 341a 7 389b 16
Plasma aldosterone (pg/ml) 128a 22 38b 10 114a 30 20b 5
Haematocrit (%)* 37·9a 0·6 21·1b 0·6 43·0c 0·4 22·2b 0·5

CON, control group; FD, Fe-deficient group; ZD, Zn-deficient group; FZD, Fe/Zn-deficient group.
a,b,c Mean values within a row with unlike superscript letters were significantly different (P,0·05) according to Tukey’s multiple

comparison test. Plasma aldosterone values were logarithmically transformed for statistical analysis.
* The haematocrit values reported before(25) were statistically reanalysed for reference.

Hypotension in Fe/Zn deficiency 537

B
ri
ti
sh

Jo
u
rn
al

o
f
N
u
tr
it
io
n

https://doi.org/10.1017/S000711451000406X  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S000711451000406X


5. WHO/UNICEF/UNU (2001) Iron Deficiency Anaemia:
Assessment, Prevention, and Control. A Guide for Pro-
gramme Managers. Geneva: World Health Organization
(who/nhd/01.3). http://www.who.int/nutrition/publications/
en/ida_assessment_prevention_control.pdf (accessed 24
November 2004).

6. Lukaski HC (2004) Vitamin and mineral status: effects on
physical performance. Nutrition 20, 632–644.

7. Yip R (2002) Iron supplementation: country level experi-
ences and lessons learned. J Nutr 132, 859S–861S.

8. Lukaski HC, Hall CB & Nielsen FH (1990) Thermogenesis
and thermoregulatory function of iron-deficient women
without anemia. Aviat Space Environ Med 61, 913–920.

9. Lukaski HC, Hall CB & Marchello MJ (1992) Impaired thyroid
hormone status and thermoregulation during cold exposure
of zinc-deficient rats. Horm Metab Res 24, 363–366.

10. Nagashima K, Yoda T, Yagishita T, et al. (2002) Thermal
regulation and comfort during a mild-cold exposure in
young Japanese women complaining of unusual coldness.
J Appl Physiol 92, 1029–1035.

11. Konomi A & Yokoi K (2006) Effects of zinc and/or iron
deficiency on rectal temperature in rats. Biol Trace Elem
Res 109, 49–54.

12. Akahoshi M, Hida A, Imaizumi M, et al. (2006) Basic
characteristics of chronic hypotension cases: a longitudinal
follow-up study from 1958 through 1999. Hypertens Res 29,
1–7.

13. Ganong WF (2003) Lange Review of Medical Physiology,
21st ed. New York: McGraw-Hill.

14. Lowe GD (1992) Blood viscosity and cardiovascular disease.
Thromb Haemost 67, 494–498.

15. Reinhart WH, Lutolf O, Nydegger UR, et al. (1992) Plasma-
pheresis for hyperviscosity syndrome in macroglobulinemia
waldenstrom and multiple myeloma: influence on blood
rheology and the microcirculation. J Lab Clin Med 119,
69–76.

16. Whittaker SRF & Winton FR (1933) The apparent viscosity of
blood flowing in the isolated hindlimb of the dog, and its
variation with corpuscular concentration. J Physiol 78,
339–369.

17. Reinke W, Johnson PC & Gaehtgens P (1986) Effect of shear
rate variation on apparent viscosity of human blood in tubes
of 29 to 94 microns diameter. Circ Res 59, 124–132.

18. Horton R & Nadler J (1994) Hypoaldosteronism. Curr Ther
Endocrinol Metab 5, 146–149.

19. Horton R & Nadler JL (1997) Hypoaldosteronism. Curr Ther
Endocrinol Metab 6, 164–167.

20. Wasantwisut E, Winichagoon P, Chitchumroonchokchai C,
et al. (2006) Iron and zinc supplementation improved iron
and zinc status, but not physical growth, of apparently
healthy, breast-fed infants in rural communities of northeast
Thailand. J Nutr 136, 2405–2411.

21. Prasad A, Miale A, Farid Z, et al. (1963) Zinc metabolism in
patients with syndrome of iron deficiency anemia, hepato-
splenomegaly, dwarfism and hypogonadism. J Lab Clin
Med 61, 537–549.

22. Yokoi K, Alcock NW & Sandstead HH (1994) Iron and zinc
nutriture of premenopausal women: associations of diet
with serum ferritin and plasma zinc disappearance and of
serum ferritin with plasma zinc and plasma zinc disappear-
ance. J Lab Clin Med 124, 852–861.

23. Yokoi K, Sandstead HH, Egger NG, et al. (2007) Association
between zinc pool sizes and iron stores in premenopausal
women without anaemia. Br J Nutr 98, 1214–1223.

24. Reeves PG, Nielsen FH & Fahey GC Jr (1993) AIN-93 purified
diets for laboratory rodents: final report of the American
Institute of Nutrition ad hoc writing committee on the refor-
mulation of the AIN-76A rodent diet. J Nutr 123, 1939–1951.

25. Konomi A & Yokoi K (2005) Zinc deficiency decreases
plasma erythropoietin concentration in rats. Biol Trace
Elem Res 107, 289–292.

26. Georgieva Z & Georgieva M (1997) Compensatory and adap-
tive changes in microcirculation and left ventricular function
of patients with chronic iron-deficiency anaemia. Clin
Hemorheol Microcirc 17, 21–30.

27. Szygula Z (1990) Erythrocytic system under the influence of
physical exercise and training. Sports Med 10, 181–197.

28. Brochu M, Lehoux JG & Picard S (1997) Effects of gestation
on enzymes controlling aldosterone synthesis in the rat adre-
nal. Endocrinology 138, 2354–2358.

29. Lisurek M & Bernhardt R (2004) Modulation of aldosterone
and cortisol synthesis on the molecular level. Mol Cell
Endocrinol 215, 149–159.

30. Pippal JB & Fuller PJ (2008) Structure–function relationships
in the mineralocorticoid receptor. J Mol Endocrinol 41,
405–413.

A. Konomi and K. Yokoi538

B
ri
ti
sh

Jo
u
rn
al

o
f
N
u
tr
it
io
n

https://doi.org/10.1017/S000711451000406X  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S000711451000406X

