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Weng, Xiaoduan, Guy Cloutier, Raymond Beaulieu,
and Ghislaine O. Roederer. Influence of acute-phase pro-
teins on erythrocyte aggregation. Am. JJ. Physiol. 271 (Heart
Cire. Physiol. 40): H2346-H2352, 1996.—With the exception
of fibrinogen, immunoglobulins, and albumin, little informa-
tion is available on the effect of acute-phase proteins on
erythrocyte aggregation. The objective of this study was to
investigate the effects of haptoglobin (Hp), C-reactive protein
(CRP), ceruloplasmin (Cp), oy-acid glycoprotein (o;-AGP),
and o;-antitrypsin (o;-AT) on the aggregation kinetics and
shear resistance of erythrocyte aggregates. The plasma con-
centration of these proteins was measured in 20 healthy
individuals and kept unchanged while the concentration of
the protein tested was increased. Adding Hp to concentra-
tions between 2.78 and 4.99 g/l resulted in a significant
progressive increase in aggregation kinetics compared with
controls. An elevation of the shear resistance of the aggre-
gates was found for CRP at a concentration of 0.438 g/l. By an
increase in the concentration of Cp from 4.40 to 9.39 g/l, the
aggregation kinetics and the adhesive forces between erythro-
cytes were significantly increased. No effect on erythrocyte
aggregation was observed for o;-AGP, a;-AT, and Cp at
concentrations of 2.85, 3.97, and 2.43 g/l, respectively. The
molecular mass of the acute-phase proteins, their configura-
tion, and the presence of specific receptors on the erythrocyte
membrane are postulated as possible factors influencing
erythrocyte aggregation.
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UNDER SLOW FLOW AND STASIS conditions, erythrocytes
can aggregate to form rouleaux in the presence of
plasma macromolecular proteins. Erythrocyte aggrega-
tion and disaggregation are dynamic, reversible, and
normal physiological processes. Rouleaux of erythro-
cytes are normally easily broken down by external
forces (e.g., shear stress), and they are formed again
when these external forces are reduced or removed.
However, under pathological conditions, the formation
of compact aggregates characterized by strong intercel-
lular links may induce microcirculatory problems (39)
and be a risk factor for cardiovascular and thrombotic
diseases (19, 37).

Erythrocyte hyperaggregability has been associated
with diabetes (18), dyslipidemia (30), hypertension (31,
41), cardiac and cerebral vascular diseases (23, 38),
thromboembolic events (3), carcinomas (15), and inflam-
mation (8, 28). In patients with unstable angina pecto-
ris, abnormal erythrocyte aggregation levels were found
to be predictive of subsequent acute myocardial infarc-
tion (28). In arterial hypertension, the changes in blood
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rheology associated with an increase in erythrocyte
aggregation were postulated to contribute to the devel-
opment of left ventricular hypertrophy (31, 41). Increas-
ing erythrocyte aggregation has also been associated
with distal angiopathy of the lower limbs in patients
with diabetes mellitus (18), and Stoltz and Donner (37)
pointed out the importance of rouleaux formation in
patients with vascular thrombosis.

Previous studies have shown that some plasma mac-
romolecular proteins can produce major changes in
rouleaux formation and erythrocyte aggregation. An
increase in plasma fibrinogen (Fb) levels resulted in an
elevation of erythrocyte aggregation (26, 28, 29). As
summarized by Chien et al. (7), erythrocyte aggrega-
tion also depends on ;- and B,-globulins. Immunoglobu-
lins (IgG, IgA, and IgM) and IgG fragments accelerated
the velocity of aggregate formation (13). The protein
ag-macroglobulin was identified as a globulin inducing
erythrocyte aggregation in patients with myeloma (34).
In contrast, albumin is considered an inhibiting factor
of erythrocyte aggregation (11). Little information is
available on the influence of other acute-phase proteins
on erythrocyte aggregation.

The term “acute-phase proteins”is defined as a group
of plasma glycoproteins synthesized by the liver that
increase in concentration in ¢ases of traumatic and
inflammatory processes (16). In recent years, some
studies demonstrated that these proteins could be
increased after tissue injury and in response to a wide
variety of clinical conditions. The acute-phase serum
proteins of hepatic origin, such as haptoglobin (Hp),
C-reactive protein (CRP), ceruloplasmin (Cp), oy-
antitrypsin (o;-AT), and a;-acid glycoprotein (a;-AGP),
were found elevated in diabetes (22). A significant
elevation of Hp, CRP, and «;-AGP was reported in a
variety of cancers (17, 36). As described by Wang et al.
(40), Hp was associated with various cardiac condi-
tions, whereas CRP significantly increased in hypertri-
glyceridemia (9). Significantly elevated levels of Cp
were found in myocardial infarction, diabetes with
peripheral vascular disease, and carcinomas (4, 17, 20,
25, 32).

Hypotheses and objectives. Because the concentration
of some acute-phase proteins was found to be elevated
in many diseases associated with hyper erythrocyte
aggregation, it was hypothesized that these proteins
may be involved in the mechanisms of erythrocyte
aggregation. The present investigation was thus de-
signed to study quantitatively the role of five acute-
phase proteins on the aggregation kinetics and the
adhesive forces between erythrocytes. The proteins
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investigated were Hp, CRP, Cp, o;-AGP, and «;-AT. Fb
was also studied to compare our results, since its effect
on erythrocyte aggregation is well documented. In the
experimental design described below, the concentration
of the protein under study was increased while the
concentration of other plasma proteins was kept con-
stant. This approach was used mainly to simulate
physiological and pathological conditions. The possible
interaction between acute-phase proteins on erythro-
cyte aggregation was not addressed in the present
study.

MATERIALS AND METHODS

Acute-phase proteins. Hp, CRP, Cp, a;-AGP, and o,-AT were
purchased from Sigma Chemical (St. Louis, MO); Fb was
obtained from Calbiochem-Novabiochem (La Jolla, CA). All
proteins were purified from human plasma, and their purities
were between 95 and 99%. Hp, o;-AGP, ;-AT, and Fb were
distributed in powder. CRP was dissolved in a solution of 0.02
M tris(hydroxymethyl)aminomethane (Tris) and 0.25 M so-
dium chloride (pH 8.0) at a concentration of 2 g/l. Cp was
buffered in a solution of 0.25 M sodium chloride and 0.05 M
sodium acetate at a concentration of 110 g/l (pH 7.0).

Preparation of samples. Fresh blood was obtained from 20
healthy adult volunteers (22-40 yr, 11 males and 9 females)
and anticoagulated with EDTA (1.5 g/l) in standard Vacu-
tainer tubes. All experiments were performed within 4 h after
venipuncture. The blood samples were centrifuged (IEC
PR-6000) at 1,300 g for 10 min, and the hematocrit was
adjusted at 0.40 by addition or subtraction of autologous
plasma. The hematocrit was measured with a microcentri-
fuge (Haemofuge, Heraeus Instruments) operating at 14,980
& for 10 min.

In a first series of experiments, blood from five subjects was
collected and subdivided into seven subsamples of 1.5 ml for
each individual. For the first five subsamples, 2 mg of Hp, Cp,
a1-AGP, a;-AT, and Fb were dissolved separately in plasma
and reconstituted with the cellular components of blood. The
concentration of the protein added in each subsample was
2.22 g/l of plasma. In another subsample, 0.15 mg of CRP was
added, corresponding to a plasma concentration of 0.17 g/l.
The last subsample served as the control. Because Cp and
CRP were provided dissolved in a saline solution, a small
volume of plasma was eliminated and replaced by the protein
solution to maintain the hematocrit at 0.40. The objective of
this study was to identify proteins affecting erythrocyte
aggregation.

According to the results obtained in this study and theoreti-
cal considerations, Hp, CRP, and Cp were selected for addi-
tional analyses. In a second series of experiments, measure-
ments were repeated on blood samples from five subjects for
each protein. Subsamples of blood were prepared for each
donor, and different concentrations of the protein were tested.
For Hp, concentrations of 1.67, 2.78, and 3.89 g/l were added
directly in the plasma of the test subsamples, and another
subsample served as the control. Concentrations of 0.11, 0.28,
and 0.44 g/l of plasma were added to the test subsamples for
CRP; plasma concentrations of 2.50, 4.17, 5.83, 7.50, and 9.17
g/l were used for Cp. As mentioned above, for each test
subsample, a volume of plasma was replaced by the protein
solution for CRP and CP. However, to avoid the influence of
the dilution of the other plasma proteins on erythrocyte
aggregation, two control groups were used this time for CRP
and Cp. The whole blood collected from each individual
served as one control group, and the other control group was
prepared by replacing a volume of plasma by a solution of 0.02
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M Tris and 0.25 M sodium chloride for CRP and a solution of
0.25 M sodium chloride and 0.05 M sodium acetate for Cp.
The volume of the solutions replaced in the control sub-
samples corresponded to the volume of the protein solution
added in the test subsamples. No significant reduction of the
plasma concentration of Cp and CRP (2nd decimal for Cp and
3rd decimal for CRP) was noted between protein groups and
control solution groups.

Measurements of erythrocyte aggregation. In both series of
experiments described above, the blood subsamples were
incubated in a warm bath (37°C) for 10 min before measure-
ment of erythrocyte aggregability. For Cp, the incubation was
performed in a dark environment because Cp is light sensi-
tive. Erythrocyte aggregation measurements were performed
at a constant hematocrit (0.40) with an erythroaggregometer
based on a Couette flow arrangement (Regulest, Florange,
France). A laser diode (Hitachi, HL7801G) providing a radia-
tion at 780 nm was used as the light source. Parameters of
erythrocyte aggregation were derived from the analysis of the
variations in light intensity of the signal scattered by blood.
Each blood sample (1.5 ml) was put into a chamber between
two coaxial cylinders, and the outside cylinder was rotated to
provide different shear rate conditions. All measurements
were performed at 37°C by controlling the temperature in the
blood chamber with circulating water.

Two series of measurements were performed. In the first
series, the blood sample was sheared for 10 s at 550 s~ to
provide rouleaux disruption and erythrocyte orientation with
the flow. After abrupt cessation of the rotation, the variation
of the scattered light intensity was recorded during the
rouleaux formation process. The instrument provided the
following important parameters on erythrocyte aggregation
kinetics: £, and S, corresponding to the primary aggregation
time and a mean kinetic index at 10 s, respectively. The
parameter {5, was obtained from the inverse of the slope of the
scattered light intensity variation between 0.3 and 1.9 s after
stoppage of the flow rotation. The index S;, was calculated as
the ratio of the area above the light intensity curve during the
first 10 s after flow stoppage to the total area within the same
period of time. For the second series of measurements, the
blood sample was sheared at 96 different levels from 6 to 720
8”1, A curve describing the scattered light intensity as a
function of the shear rate was obtained for each blood sample.
The intensity increased to reach a maximum and then
decayed. The partial dissociation threshold (yp) was obtained
from the intersection of the regression line computed for
shear rates below 20 s~! and the horizontal line intercepting
the maximum of the scattered light intensity. The total
dissociation threshold (yg) corresponded to the shear rate at
the maximum scattered light intensity. These last two param-
eters provide information on the adhesive forces between
erythrocytes.

Determination of plasma acute-phase protein concentra-
tions. For all control samples collected from the 20 healthy
subjects, the original concentration of all acute-phase pro-
teins in the plasma was determined by the immunonephelo-
metric method for Hp, Cp, a;-AGP, and «;-AT, the latex
agglutination technique (semiquantitative) for CRP, and the
Von Clauss approach for Fb. All measurements were per-
formed at the Hétel-Dieu of Montreal Hospital.

Statistical analyses. All results were expressed as means *
SD. One-way repeated-measures analysis of variance with
Bonferroni’s method for multiple comparisons (SigmaStat
statistical software, Jandel Scientific) was used to assess the
differences between each blood subsample. A significance
level of 5% was used in all analyses.






