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Abstract

Hemopexin (Hx), an acute phase protein, can inactivate the angiotensin II type 1 receptor

(AT1-R) in vitro. Whether Hx  is involved in the responsiveness to angiotensin II (ang II) in vivo

is unknown. Therefore, we tested whether variations in endogenous Hx-activity are associated

with the responsiveness of blood pressure to ang II in humans. 

Healthy men (n=33, age 26±9) were studied in balance on low sodium (LS, 50 mmol Na
+
/day)

and high sodium (HS, 200 mmol Na
+
/day) diet, respectively. After baseline measurements of

blood pressure, ang II was infused at 0.3, 1 and 3 ng/kg/min for one hour/dose. Hx-activity

was measured at baseline in EDTA-plasma samples by an amidolytic assay with a chromogenic

substrate suitable for Hx-activity evaluation (S2302; Chromogenix).

During HS Hx-activity was lower; 1.6•10
5

(0.6•10
5

– 4.7•10
5
) versus 2.8•10

5
(1.1•10

5
-

5.1•10
5
) arbitrary units (p<0.01) and the pressor response to 3 ng ang II/kg/min larger than

during LS (17.6 ± 6.5 vs 14.6 ± 6.9 mmHg, p<0.01).

Between-individual differences in Hx-activity negatively correlated with the pressor response

to ang II during both sodium intakes (HS: R
2
=0.18, p<0.05; LS: R

2
=0.12, p<0.05). 

These in vivo data support recent in vitro data showing that active Hx down regulates the

availability of the AT1-R. Therefore, activated Hx might be an intermediate factor in ang II

mediated increments in blood pressure and renal damage by modulating AT1-R availability.
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Introduction

Various lines of evidence indicate a main role for angiotensin II (ang II) in the pathogenesis

of renal and cardiovascular damage, mainly by its effects on the angiotensin II type I receptor.

(AT1-R)(1). Recent in vitro data show that active hemopexin (Hx), an acute phase protein, is

able to inactivate the AT1-R on human monocytes and endothelial cells, suggesting that Hx-

activity modulates the (patho-) physiological effects of ang II (2;3), Whether this is the case in

vivo is unknown. A major role of ang II is its effect on systemic vasoconstriction. Data in

preeclampsia support a role for Hx-activity on ang II responsiveness in vivo. 

In normal pregnancy ang II levels are relatively high (4) but do not lead to hypertension,

since the vascular responsiveness for ang II is decreased (5). This is associated with increased

Hx-activity (2). However, in preeclamptic women, the physiological decrease of vascular

sensitivity for ang II is blunted (5;6), as a possible mechanism for the associated hypertension.

This is associated with absence of the normal pregnancy-induced rise in Hx-activity (2). 

Ang II responsiveness differs widely between individuals, and is modulated by dietary

sodium intake (7;8). To test whether endogenous Hx-activity is involved in the normal variability

of ang II responsiveness, we investigated whether variations of endogenous Hx-activity are

associated with the pressor responses to exogenous ang II in young healthy normotensive

men during two different sodium intakes, namely 50 mmol Na+/ 24 h (low sodium, LS) and

200 mmol Na+/24h (high sodium, HS). 

Methods

Subjects

The study population consisted of 33 healthy normotensive Caucasian men with a median

(interquartile range) age of 24 (21-27) and a mean BMI over both periods of 23.1 ± 2.3 kg/m
2
.

Normal blood pressure was confirmed by repeated non invasive automatic blood pressure

assessment (Dinamap
®
) and defined as systolic blood pressure < 140 mmHg and diastolic

blood pressure < 90 mmHg. The study was approved by the local medical ethics committee,

in accordance with the declaration of Helsinki, and all participants gave written informed

consent. All medical histories were without significant disease, and routine physical examination

did not reveal any abnormalities.
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Study protocol

Subjects were studied at the end of two seven-day periods, during which they used a low

sodium diet (50 mmol Na
+
/day) and a high sodium diet (200 mmol Na

+
/day), respectively.

Potassium intake was standardized at 80 mmol/day. Otherwise, the subjects continued their

usual food habits. For assessment of dietary compliance and sodium balance 24h urine was

collected at day 4 and day 6 during each period. During both periods the subjects were

ambulant and continued their normal activities.

At day 7 of both study periods, the subjects reported at the research unit at 8 am, after

having abstained from food and alcohol overnight. Height and body weight were measured

at the start of this day and body mass index (BMI) was calculated as the ratio of body weight

(kg) and the square of height (m). 

At 11 am, blood was withdrawn for determination of plasma renin activity(PRA) and

aldosterone. Sodium intake during the day was adjusted according to the actual diet in the

concerning diet period. Baseline blood pressure was assessed with an automatic device

(Dinamap; GE Medical Systems, Milwaukee, WI) at 15 min intervals. Mean arterial pressure

(MAP) was calculated as diastolic pressure plus one third of the pulse pressure. 

Angiotensin II infusion

Baseline values of blood pressure were obtained between 10 and 12 am. Between 12 am

and 3 pm ang II (Clinalfa, Merck biosciences AG, Läufelfingen, Switserland) was administered

in the left antecubital vein. Between 12 am and 1 pm ang II was infused at a constant rate of

0.3 ng/kg/min. Thereupon ang II was infused at a constant rate of 1 ng/kg/min and 3 ng/kg/min,

each during one hour. During the ang II infusions blood pressure was determined at 5 minute

intervals. 

Blood and urine sampling and analysis

Blood samples for measurement of plasma Hx-activity were drawn at 8 am. Samples for

measurement of plasma renin activity (PRA) and aldosterone were drawn at 11 am in semi

supine position and stored at - 20 °C until analysis. 

Aldosterone was measured with a commercially available radioimmunoassay kit (diagnostic

products corporation, Los Angeles, CA, USA). Plasma renin activity was measured as

described previously with a radioimmunoassay that detects the amount of angiotensin I

produced per hour in the presence of excess angiotensinogen (nanograms of angiotensin I

produced per milliliter of plasma per hour)(9).
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Urinary and serum concentrations of sodium and potassium were measured by standard

auto- analyzer technique (MEGA, Merck, Darmstadt, Germany).

Blood samples for determination of ang II were drawn at 11 am in pre-chilled 3mL vacuum

tubes containing 5.4 µg K3EDTA and an additional 0.2 mL ACE inhibitor cocktail; containing

1.704 µg phenantroline, 0.16 mg enaprilat, 1 mL ethanol and 4 mg neomycin. After

centrifugation at 4 °C, the plasma for determination of ang II was snap-frozen and stored at 

-80 °C until analysis. Plasma concentration of ang II was measured by a specific

radioimmunoassay after SepPak extraction of plasma samples and HPLC separation (10). 

Hx-activity was measured in EDTA-plasma with a standard amidolytic assay with the artificial

substrate S2302 (H-D-Pro-Phe-Arg-pNA.2HCl) (Chromogenix, Milano, Italy) as described

previously (11). This assay has been shown to match with the extracellular matrix (ECM)

stripping assay whereby loss of glomerular apyrase expression after incubation of kidney

sections with Hx, with or without anti Hx IgG, was quantified as a standard for Hx-activity (11).

As previous pilot studies indicated that the protease activity of the samples could not be

inhibited by α-2-macroglobulin, it is unlikely that plasma kallikrein activity occurs in the samples

tested. 

Data analysis

Mean values and standard deviations were calculated for parametric variables. Medians

and quartiles were computed for non-parametric data. Paired sample T-test (parametric data)

and Wilcoxon Signed rank test (non-parametric data) was used to compare values between

the HS and LS periods, each subjects being its own control. Data on Hx-activity were first

logarithmically transformed and tested for normality. Simple Pearson parametric correlation

was then used for continuous analysis of the influence of Hx-activity on ang II responsiveness. 

Results

In table 1 parameters on dietary compliance, body weight and circulating RAAS parameters

on both diets are displayed. It shows, first, that the change in sodium intake resulted in the

expected differences in sodium excretion. Furthermore, the urinary excretion of potassium

was close to the target intake of 80 mmol/24h. The high sodium intake induced a slight but

significant rise in body weight, consistent with a positive volume balance. Serum concentration

of potassium was not influenced by the shift in sodium intake, whereas the serum concentration

of sodium was slightly but significantly higher during HS. As expected, PRA, ang II and
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sodium intake
p

50 mmol/24h 200 mmol/24h

UNaV (mmol/24-h) 36 ± 22 220 ± 57 <0.01

UKV (mmol/24-h) 86 ± 35 84 ± 27 n.s.

Serum K (mmol/L) 3.9 ± 0.2 3.9 ± 0.3 n.s.

Serum Na (mmol/L) 137 ± 3 138 ± 3 <0.05

Body weight (kg) 80 ± 9 81 ± 10 <0.01

PRA (ng ang-I/mL/h) 6.5 (4.8-8.2) 3.0 (1.5-3.6) <0.01

Aldosterone (ng/L) 130 (82-186) 43 (24-58) <0.01

Ang II (pmol/L) 10.6 (4.3-13.7) 3.3 (1.2-10.5) <0.05

Table 1: 24-h excretion of sodium and potassium, serum potassium, body weight, active plasma renin

concentration, aldosterone and plasma angiotensin II during low and high sodium intake.

Data are expressed as mean ± SD and median (range). Abbreviations: UNaV: 24h urine excretion of Na
+
, UKV: 24h

urine excretion of K
+
, PRA: plasma renin activity, Ang II: angiotensin II. 

Figure 1: Individual values of hemopexin (Hx) activity during low sodium and high sodium intake.

* p < 0.001
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sodium intake
p

50 mmol/24h 200 mmol/24h

Hx-activity (arbitrary units) 2.8•10
5

(1.1•10
5

- 5.1•10
5
) 1.6•10

5
(0.6•10

5
– 4.7•10

5
) <0.001

SBP (mmHg) baseline 117 ± 10 121 ± 11 <0.01

DBP (mmHg) baseline 69 ± 8 71 ± 7 n.s.

MAP (mmHg) baseline 85 ± 7 87 ± 8 <0.05

∆ MAP (mmHg) 0.3 ng/kg/min 0.1 ± 7.1 1.5 ± 3.8 n.s

∆ MAP (mmHg) 1 ng/kg/min 7.1 ± 5.6 9.1 ± 6.1 <0.05

∆ MAP (mmHg) 3 ng/kg/min 14.6 ± 6.9 17.6 ± 6.5 <0.01

Table 2: Baseline hemopexin (Hx)-activity, and mean arterial pressure (MAP) before and during

incremental dosis of angiotensin II, during low and high sodium intake.

Data are expressed as mean ± SD, Hemopexin activity is in median (range). Abbreviations: SBP: systolic blood

pressure, DBP: diastolic blood pressure, MAP: mean arterial pressure, ∆: respons to exogenous angiotensin II, 

aldosterone were suppressed during HS.

In figure 1, the individual values of Hx-activity on both diets are displayed. It shows that,

Hx-activity was slightly but significantly lower during HS. There was a strong correlation

between individual values of Hx-activity on LS and HS (R
2

= 0.80, p<0.00001). Table 2 displays

Hx-activity on both diets, mean arterial pressure (MAP) before and during incremental doses

of ang II and heart rate at baseline and during ang II infusion. Baseline MAP was slightly but

significantly higher during high sodium. Ang II induced a dose-dependent rise in MAP during

both sodium intakes. As anticipated, the pressor responses to ang II were larger during HS

as compared to LS: this difference reached statistical significance at the infusion rates of 1

and 3 ng/kg/min. Also, the responses of diastolic and systolic blood pressure to the incremental

doses of ang II were higher during HS. However, this did only reach statistical significance

during the infusion rate of 3 ng ang II/kg/min (p<0.01 and p<0.05 respectively). 

For individual patients the correlation between Hx-activity and the pressor response (MAP)

to ang II on HS (upper panel) and LS (lower panel) is given in figure 2 (data for 3 ng/kg/min

dose). It shows that a higher Hx-activity is associated with a significantly lower pressor response

to ang II on both sodium intakes. 
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Figure 2a and 2b: Relationship between hemopexin (Hx)-activity and increase in mean arterial pressure

(∆MAP) in response to angiotensin II (3ng/kg/min), during high sodium (left panel) and low sodium (right

panel).

Discussion

The present study is the first to provide evidence for a role of Hx-activity as a modulator of

the pressor responsiveness to ang II in vivo in human.  At group level the increase in ang II

responses induced by high sodium intake was mirrored by a lower Hx-activity during high

sodium. In line with this interrelationship at group level, individual differences in pressor

responsiveness to ang II at a given sodium intake were significantly correlated with Hx-activity

on either sodium intake, with a higher responsiveness in subjects with lower endogenous Hx-

activity. 

Our results are in line with earlier in vitro data, demonstrating that active Hx induces down

regulation of AT-1R protein expression on human monocytes and endothelial cells, and blunts

the ang II induced vascular contraction in isolated rat aortic rings (3). Therefore, our data

support the assumption that plasma Hx-activity is a determinant of responsiveness to ang II

in human. 

In line with prior data (12;13) the responses of blood pressure to ang II were less pronounced

on low sodium. This blunted sensitivity has been attributed to down regulation of the AT1-R
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and/or an increased receptor occupancy by endogenous ang II (12;14;15). This agonist-

induced down regulation of the AT1-R has been studied extensively in the past and is a main

regulatory pathway of the AT1-R (16-19). Ang II can down regulate its own receptor by inducing

internalization of the receptor-ligand complex and by inhibiting both transcriptional as post-

transcriptional assembling of the receptor. More recent evidence has indicated that the

formation of AT1-R dimers and ang II independent pathways are important in determining

AT1-R availability. Our recent in vitro work has added another mechanism of AT-R regulation,

namely shedding of the receptor by activated Hx (3).

Hx was originally discovered as a glycoprotein, belonging to the family of acute phase

proteins with a molecular weight between 55 and 80 kD. Its major function is to protect the

body from the oxidizing effects of free heme by scavenging and binding of this molecule.

However, we found that plasma Hx also displays significant protease activity (20), which

property is probably responsible for its vasodilating and proteinuria inducing capacity in

experimental animals. In vitro, active Hx can be inhibited by protease inhibitors. Also

nucleotides like ATP or ADP are able to inhibit the protease activity of Hx. It has been shown

that Hx  which is inactivated by ATP can be reactivated by endothelial ecto apyrase (CD 39)

(21). This suggests that an intact endothelium is crucial to maintain local Hx-activity in vivo.

Different lines of evidence suggest that a high sodium intake can be associated with certain

characteristics of endothelial dysfunction (22;23). Accordingly, it is conceivable that during

high sodium, due to endothelial dysfunction, CD39 expression is affected leading to down

regulation of local activation of Hx. 

Our results show that high sodium intake is associated with lower Hx-activity. This does not

prove a causal role for the lower Hx-activity in up regulation of the AT1-R during high sodium

as it might be an epiphenomenon. For individual patients, the change in Hx activity induced

by the switch in sodium diet was not correlated to the change in ang II responsiveness.

However, Hx-activity accounted for only 18 and 12% of the variability in ang II responsiveness

during high and low sodium intake, respectively. Accordingly, the sensitivity to detect such a

quantitive association was low as the pressor response to ang II is multifactorial. Nevertheless,

the finding of enhanced ang II responsiveness in association with low Hx-activity during high

sodium is remarkably consistent with the findings on between-individual differences in ang II

responses in relation to their prevalent Hx-activity, with more pronounced responses in subjects

with lower circulating Hx-activity. This was observed on two different sodium intakes, supporting

the robustness of our finding which is consistent with a role of Hx in the regulation of ang II

responsiveness under physiological conditions. 

Between-individual differences in Hx-activity were relatively large on either sodium intake.

We did not investigate the possible mechanisms underlying these differences. The strong
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correlation between Hx-activity on both diets shows that individual values of Hx-activity are

highly consistent within our study population. Indeed, high sodium induces a decrease in Hx-

activity, but as figure 1 showed, subjects with relative low Hx-activity on one diet, have a

relatively low Hx-activity on the other diet as well. This pattern of a high within subject correlation

at different conditions suggest that, in addition  to environmental factors, individual factors,

such as for instance genetic variations in the hemopexin gene are involved in determining the

level of Hx-activity (24). However, it should be mentioned, that the determinants of the regulation

of Hx-activity are poorly understood. The main limitation of our study is the lack of specific

intervention in Hx, as no such intervention is available for human use. Accordingly, the evidence

is by association only. Furthermore, the duration of the diets periods was only one week.

Although this time frame is sufficient to re-establish steady state sodium balance and alter

ang II response, this does not necessarily reflect the homestatic response adjustments to

altered sodium intake on the long-term. Therefore, it is not inconceivable that in the long run

the effect of sodium intake on Hx-activity may differ from the effects we observed. 

What could be the relevance of our findings? First, our data extend prior in vitro findings on

a role of Hx-activity in regulation of the AT1-R to the in vivo setting in human. The setting of a

shift in sodium status in healthy young men represents normal physiology, so our data do not

have direct bearing on disease conditions. Yet, our current findings, albeit obtained in men,

corroborate prior hypotheses on the role of Hx as a contributing factor in the pathogenesis of

preeclampsia. Next, considering the importance of ang II in the pathogenesis of hypertension

and renal damage, lower Hx-activity associated with higher sodium intake may influence the

effect of ang II in hypertension and renal damage by modulating the availability of AT1-R. 

In conclusion, endogenous Hx-activity is a determinant of ang II responsiveness in vivo in

human. Our results support prior hypotheses on a role for Hx-activity in the pathogenesis of

preeclampsia and suggest that Hx-activity is an intermediate factor in ang II mediated

hypertension and renal damage by decreasing AT1-R availability. Better understanding of the

regulation of Hx activity might provide novel clues on the pathogenesis of ang II driven

hypertension and renal and cardiovascular damage and lead to the exploration of new

therapeutical means. P
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