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Abstract: As a rare complication of liver injury and certain interventions, bile can enter the blood-
stream depending on the pressure gradient, resulting in bilhemia. Its micro-rheological and hemo-
dynamic effects are still unclear. We aimed to study these parameters in experimental bilhemia
models. Under general anesthesia, via laparotomy, bile was obtained by gallbladder puncture from
pigs and by choledochal duct cannulation from rats. In vitro, 1 µL and 5 µL of bile were mixed
with 500 µL of anticoagulated autologous blood. The systemic effect was also assessed (i.v. bile,
200 µL/bwkg). Hemodynamic and hematological parameters were monitored, and red blood cell
(RBC) deformability and aggregation were determined. RBC deformability significantly decreased
with the increasing bile concentration in vitro (1 µL: p = 0.033; 5 µL: p < 0.001) in both species. The
RBC aggregation index values were concomitantly worsened (1 µL: p < 0.001; 5 µL: p < 0.001). The
mean arterial pressure and heart rate decreased by 15.2 ± 6.9% and 4.6 ± 2.1% in rats (in 10.6 ± 2.6 s)
and by 32.1 ± 14% and 25.2 ± 11.63% in pigs (in 48.3 ± 18.9 s). Restoration of the values was observed
in 45 ± 9.5 s (rats) and 130 ± 20 s (pigs). Bilhemia directly affected the hemodynamic parameters and
caused micro-rheological deterioration. The magnitude and dynamics of the changes were different
for the two species.

Keywords: bilhemia; hemodynamics; hemorheology; red blood cell deformability; red blood cell
aggregation

1. Introduction

Bilhemia is an uncommon condition that occurs when bile enters the bloodstream
due to a bilio-venous fistula between the bile duct and the hepatic venous system [1].
This can lead to various complications. Bilhemia is not a common condition, but its exact
prevalence is not known, as milder forms of the condition are unlikely to be recognized,
diagnosed, or recorded, and there is no information on the mortality rates. Bilhemia can be
a rare side effect of bile duct stones [2], and the typical common bile duct pressure, which
ranges from 10–15 to 20 mmHg (when the sphincter of Oddi contracts), is involved in its
pathogenesis. Bilhemia was first documented in 1559, and about 100 instances have been
described since then, with bradycardia and a decrease in blood pressure. It is important to
differentiate bilhemia from hemobilia, which is bleeding into the biliary tract caused by
a fistula connecting the bile duct to the hepatic blood vessels [2–7]. Because of the high
pressure within the arterial system, in normal circumstances bilhemia is not possible in the
presence of an arterial-biliary fistula [2,8–10].

The most frequent cause of bilio-venous fistulas (BVFs) is severe liver trauma [2,11].
A rare side effect of percutaneous transhepatic biliary drainage is likewise a BVF [12].
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Furthermore, a BVF is an uncommon but dangerous side effect of blunt liver injuries in
children [1]. Additionally, a case report details how a cholecystectomy resulted in the
formation of a BVF, which ultimately caused death [13,14]. Bilhemia can be associated with
bile duct stones, which can cause abdominal pain [3].

Many hemorheological abnormalities have been noted in icterus (jaundice) patients.
These alterations include a reduction in the deformability of red blood cells, an increase
in erythrocyte aggregation, and a compromise of blood viscosity. Changes in the oxidant–
antioxidant status, endotoxemia, and hyperlipidemia are among the causes linked to
the hemorheological effects of icterus [15,16]. Furthermore, research demonstrated that
jaundice can impact erythrocytes and change the rheology of blood, which may cause
diseases such liver failure, hepatic encephalopathy, and portal hypertension [17]. However,
there are no data about the hemorheological effects of bilhemia.

Bile acids or their conjugate bile salts build up in the liver as a result of the obstruction
of the biliary ducts. Although they have been thoroughly investigated, the molecular mech-
anisms behind the liver damage linked to cholestasis remain poorly understood. A notable
inflammatory infiltration is observed in the areas of necrosis that define various forms of
obstructive cholestasis [18]. Cholestasis can affect blood viscosity [15,19]. Bilirubin and
bile acids may affect erythrocytes, leading to changes in blood viscosity [15]. Cholestasis is
associated with an increase in erythrocyte aggregation [19]. This is attributed to factors such
as hyperlipidemia, endotoxemia, and changes in the oxidant–antioxidant status [19–22].
It can also affect the deformability of erythrocytes, which is another important parameter
in hemorheology [23]. The impairment of blood rheology by cholestatic jaundice in hu-
mans has also been investigated, and it was found that bilirubin and bile acids may affect
erythrocytes [15].

Bilhemia is most easily diagnosed by the methods used for hemobilia examination [24].
Interestingly, abdominal computed tomography (CT) is a less sensitive method for identify-
ing biliary bleeding. Magnetic resonance cholangiography or transabdominal ultrasonogra-
phy may be more sensitive in this regard. Another method is isotope-labeled red blood cell
scanning or endoscopic retrograde cholangiopancreatography (ERCP), which may help to
localize the source of bleeding [25,26].

We hypothesized that bilhemia has a direct effect on red blood cell conventional and
osmotic gradient deformability and red blood cell aggregation, and the dynamics of these
changes together with hemodynamic alterations may show inter-species differences as well,
since hemodynamics [27,28], bile composition [29–31], and hemorheological parameters
differ in species [32,33] and various diseases [34–37]. This pilot study aimed to investigate
the in vitro and in vivo direct effect of bile on blood micro-rheological parameters—such
as red blood cell deformability and aggregation—heart rate, and mean arterial pressure
in vivo, in rats and pigs.

2. Materials and Methods
2.1. Experimental Animals and Sampling Protocol

The experiments were carried following the European Union Directive and National
Regulations and with the approval of the University of Debrecen Committee of Animal
Welfare (reg. Nr.: 17/2022/UDCAW). Six healthy male Wistar (Crl:WI) rats (bodyweight:
458.3 ± 24.5 g) were used at 12–14 months of age in this study. The rats were kept in stan-
dard cages (Eurostandard IV, Tecniplast, Buguggiate, Italy) at a temperature of 22 ± 2 ◦C,
humidity of 55% ± 10%, lighting on a 12–12 h light/dark cycle, and with free access to
water and standard rat food. Also, we included six female Hypor pigs (12–13-week-old,
bodyweight: 20.8 ± 1.7 kg) in this study. Ventilation (15–20× air change/hour) and heating
(central and underfloor heating) of the enclosures were provided, in a temperature range of
22–26 ◦C, according to the weight of the animals. Extreme and sudden wide fluctuations in
humidity were avoided during the housing of the animals. The animals were supplied with
a feed mix appropriate for their species, and water was provided by a self-watering system.
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2.1.1. Experimental Protocol in Rats

Under general anesthesia with 100 mg/bwkg of ketamine i.p. (CP-ketamine hy-
drochloride 10%, Produlab Pharma BV, Raamsdonksveer, The Netherlands), 10 mg/bwkg
of xylazine i.p. (CP-xylazine hydrochloride, 2%; Produlab Pharma BV, Raamsdonksveer,
The Netherlands), a 26 G cannula was inserted into the lateral tail vein for blood sampling,
fluid therapy, and bile administration. The right common carotid artery was prepared and
cannulated (O.D. 0.965 mm, Polyethylene Tubing Clay Adams, 427411, BD IntramedicTM,
Sollentuna, Sweden). After fixation with a central ligature, the cannula was connected to an
invasive hemodynamic monitoring system (Hemosys monitor system LD-01, Experimetria
Ltd., Budapest, Hungary). For bile collection, median laparotomy was performed, and the
ductus choledochus was prepared, opened by microsurgical techniques, and cannulated
(Micro-Renathane®, MRE-025 type. 0.25 mm outer diameter, × 0.12 mm inner diameter;
Braintree Sceintific Inc., Braintree, MA, USA) [38,39]. A 1 mL syringe was connected to the
cannula with a 27 G needle. Bile was collected for 1 h, providing an extracted bile volume
of approximately 250 µL.

2.1.2. Experimental Protocol in Pigs

The following anesthesia protocol was used: for pre-medication, i.m. 1–2 mg/kg
of azaperone (Stresnil, Elanco GmbH, Cuxhaven, Germany); for induction of anesthesia,
i.m. 2 mg/kg of xylazine (CP-xylazine hydrochloride, 2%) and 20 mg/kg of ketamine
(CP-ketamine hydrochloride 10%); for maintenance of permanent anesthesia, i.v. 1 mg/kg
of xylazine and 10 mg/kg of ketamine, supplemented with i.v. 2 mg/kg of diazepam
(Diazepeks 5 mg/ml, AS Grindeks, Riga, Latvia). The animals were intubated, and external
jugular vein cannulation (Certofix Trio, 7F, B.Braun Trading Ltd., Budapest, Hungary) was
performed unilaterally for blood sampling, fluid therapy, and bile administration. The
left common carotid artery was also cannulated (Certofix Trio, 7F) and connected to an
invasive hemodynamic system (Hemosys monitor system LD-01). Bile was obtained by
direct puncture of the gallbladder via upper median laparotomy. For this, 21 G needles and
a syringe with a volume of 5 mL were used, and 5 mL of bile was collected.

2.1.3. Blood Sampling Protocol

Before surgery and bile administration, venous blood (for in vitro studies, 1.5 mL, for
in vivo studies, 0.5 mL of sodium EDTA 1.8 mg/mL) was collected from the cannulated
veins. Baseline measurements were performed, and the effects of bile in vitro were inves-
tigated after adding 1 µL or 5 µL of bile to 500 µL of blood. In the in vivo studies, blood
samples were taken 5 min after i.v. bolus injection of 200 µL/bwkg of bile.

2.2. Hematological Parameters

Red blood cell count (RBC [T/L]), white blood cell count (WBC [G/L]), hemoglobin
concentration (Hgb [g/dL]), hematocrit (Hct [%]), mean corpuscular volume (MCV [fL]),
mean corpuscular hemoglobin (MCH [pg]), mean corpuscular hemoglobin concentration
(MCHC [g/dL]), and platelet count (Plt [G/L]) were measured using a Sysmex K-4500
microcell counter (TOA Medical Electronics Co., Ltd., Kobe, Japan).

2.3. Red Blood Cell Conventional and Osmotic Gradient Deformability Measurements

A LoRRca Maxsis Osmoscan ektacytometer (RR Mechatronics International B.V.,
Zwaag, The Netherlands) was used to determine the deformability of red blood cells [40,41].
The blood samples were sheared, and laser diffraction techniques were used to measure the
elongation of the cells. The so-called elongation index (EI) was determined as a function of
shear stress (SS, Pa; range: 0.3 to 30 Pa). In order to perform the traditional deformability
test, 2 mL of a polyvinylpyrrolidone (PVP)–PBS solution (PVP: 360 kDa, Sigma-Aldrich Co.,
St. Louis, MO, USA; PVP-PBS solution viscosity = 30.5 mPas, osmolality = 303 mOsmol/kg,
pH = 7.5) was carefully mixed with 10 µL of sample (whole blood or blood–bile suspen-
sion). Every measurement was performed at 37 ◦C [30]. Comparative data from the
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EI–SS curves were calculated, i.e., EI values at 3 Pa, and the Lineweaver–Burk equation
(1/EI = SS1/2/EImax × 1/SS + 1/EImax) was used for the parameterization of individual
EI–SS curves, providing the maximal elongation index (EImax) and the shear stress at half
EImax (SS1/2, Pa) [42]. Lowe EI or EImax and high SS1/2 values represent impaired red blood
cell deformability [43].

Measurements of osmotic gradient deformability (osmoscan) were performed with
250 µL of sample and 5 mL of isotonic PVP-PBS (see above). As the device mixed low-
osmolarity (0 mOsm/kg) and high-osmolarity (500 mOsm/kg) PVP solutions with the
sample, the osmolality of the suspension varied. In this module, the determination of EI
was carried out at constant shear stress (30 Pa). As the osmolality of the blood sample was
steadily increased, the sample was aspirated into this PVP solution, and the elongation
index was continually recorded. The outcome was a recognizable EI–osmolality (O) curve
with multiple noteworthy spots, such as, in a low-osmolality range, the minimal elonga-
tion index (EI min) and the associated osmolality value (O min), as well as the maximal
elongation index (EI max, note that it is not the same as EImax in the Lineweaver–Burk
equation, see above) and the associated O (EI max) value, and in the higher osmolality
range, EI hyper (half of the maximal elongation index in the high-osmolarity environment)
and O hyper. The area under each unique EI–O curve was calculated [33,40]. Additional
parameters, such as ∆EI (absolute difference between maximal and minimal EI values),
∆O (absolute difference between osmolality values at maximal and minimal EI), and ratio
values, such as EI max/EI min (rEI), O (EI max)/O min (rO), ∆EI/∆O, and rEI/rO, were
also calculated [33].

2.4. Determination of Red Blood Cell Aggregation

A Myrenne MA-1 erythrocyte aggregometer (Myrenne GmbH, Roetgen, Germany)
was used to determine the aggregation index values of the blood samples. The technique is
based on the light transmittance photometric method. The test requires 20 µL of blood. After
disaggregation by a controlled shearing system (shear rate: 600 s−1), light transmission
was tested for 5 or 10 s at stasis (M values, shear rate: 0 s−1) or at a low shear (M1
values, shear rate: 3 s−1) [44,45]. The measurements were carried out at room temperature
(20–25 ◦C). High index values (M 5 s, M1 5 s, M 10 s, M1 10 s) represent enhanced RBC
aggregation [40,44,46–49].

2.5. Statistical Analysis

To estimate the necessary sample number (sample size) for the experiment, Mead’s re-
source equation method was used. For statistical analyses, SigmaStat Software 3.1.1.0. was
used (Systat Software Inc., San Jose, CA, USA). For general data presentation,
means ± S.D. (standard deviation) are shown. After testing the normality of the data
distribution by the Kolmogorov–Smirnov test, differences between the doses were analyzed
by t-test or the Mann–Whitney rank sum test, and one-way ANOVA or Kruskal–Wallis’s
test was used based on the results of the normality test. A p-value of < 0.05 was considered
statistically significant.

3. Results
3.1. Hemodynamic Variables

Figure 1 shows representative curves of the mean arterial pressure changes after bile
injection in both species.

After bile injection, the mean arterial pressure started to decrease rapidly. In rats, the
values were normalized within a short period of time, while in pigs, their restoration was
much slower (Table 1).
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Figure 1. Representative curves of mean arterial pressure after bile administration in rats (A) and
pigs (B).

Table 1. Rate of decrease in mean arterial pressure (MAP) and heart rate (HR), with duration of the
decrease and time required for normalization.

Species Rat Pig
Parameter MAP HR MAP HR

rate of decrease (%) 15.2 ± 6.9 4.6 ± 2.1 32.1 ± 14 * 25.2 ± 11.6 *
duration of decrease (s) 10.6 ± 2.6 48.3 ± 18.9 *

time required
for normal-
ization (s)

50% 24.4 ± 7 83.3 ± 25.2 *
80% 34.8 ± 8.4 110.3 ± 22 *

100% 45 ± 9.5 130 ± 20 *
MAP: mean arterial pressure, HR: heart rate; means ± S.D.; * p < 0.05 vs. rat.

3.2. Hematological Parameters

Table 2 provides a summary of the general quantitative and qualitative hematological
parameters.

Table 2. Alterations of hematological parameters of mixtures of bile and blood (in vitro, 1 µL or
5 µL of bile in 500 µL blood) and for samples obtained after the induction of bilhemia (in vivo,
200 µL/bwkg), compared to base values (intact blood samples).

Intact Blood In Vitro 1 µL Bile In Vitro 5 µL Bile In Vivo (Bilhemia)

Rat Pig Rat Pig Rat Pig Rat Pig

RBC [1012/L] 8.25 ± 0.33 6.95 ± 0.64 8.76 ± 0.58 6.42 ± 0.71 * 8.6 ± 0.43 6.52 ± 0.65 8.68 ± 0.5 7.01 ± 1.18
WBC [109/L] 7.08 ± 1.31 24.78 ± 2.74 6.98 ± 2.48 25.01 ± 2.96 6.63 ± 1.93 24.57 ± 2.75 6.71 ± 1.92 21.78 ± 4.3

Hgb [g/L] 147.7 ± 5.5 123.8 ± 14.9 159 ± 8.5 * 115.1 ± 13.4 156.4 ± 7.2 * 116.9 ± 12.6 160.6 ± 7.8 * 123.9 ± 19.9
Hct [%] 44.35 ± 1.33 41.09 ± 4.67 48.34 ± 2.61 * 38.09 ± 4.22 47.57 ± 2.19 * 38.76 ± 3.95 48.64 ± 2.65 * 40.86 ± 6.91

MCV [fL] 53.82 ± 1.33 59.04 ± 2.26 55.24 ± 1.76 59.33 ± 1.92 55.36 ± 1.67 59.48 ± 2.01 56.03 ± 1.74 * 59.07 ± 2.06
MCH [pg] 17.31 ± 1.9 17.79 ± 0.78 18.19 ± 1.01 17.93 ± 0.92 18.21 ± 0.71 17.93 ± 0.93 18.51 ± 0.69 17.88 ± 0.93

MCHC [g/L] 321.5 ± 32.8 301.2 ± 4.9 329 ± 10.5 302 ± 7 328.8 ± 3.7 301.4 ± 6.8 330.2 ± 4.4 302.9 ± 8.1
Plt [109/L] 744.6 ± 175.1 409.9 ± 94.3 808.5 ± 114.9 441.9 ± 78.8 785.8 ± 110.5 427.6 ± 66.5 862.7 ± 148.9 385.6 ± 110.7

RBC: red blood cell count; WBC: white blood cell count; Hgb: hemoglobin; Hct: hematocrit; MCV: mean
corpuscular volume; MCH: mean corpuscular hemoglobin; MCHC: mean corpuscular hemoglobin concentration;
Plt: platelet count. Means ± S.D.; * p < 0.05 vs. intact blood.

For rats, a slight increase was observed in the examined parameters, except for the
white blood cell count, which was significant for hemoglobin (p = 0.002 vs. 1 µL of bile;
p = 0.015 vs. 5 µL of bile; p = 0.048 vs. in vivo 200 µL/bwkg of bile) and hematocrit values
(p < 0.001 vs. 1 µL of bile; p = 0.006 vs. 5 µL of bile; p < 0.001 vs. in vivo 200 µL/bwkg of
bile), compared to intact whole blood. In contrast, for pigs, a slight decrease or stagnation
was observed for most parameters, compared to intact blood.
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3.3. Red Blood Cell Deformability

When the elongation index–shear stress curves were evaluated, different variation was
observed between species. For rats, after both in vitro and in vivo bile administration, a
decrease and then an increase in the elongation index values were observed in the low shear
stress range (<3 Pa) and normalization in the high shear stress range (>3 Pa), compared
to intact whole blood. For pigs, a decrease in the elongation index values was observed
following the in vitro administration of 1 µL of bile, whereas an increase in the EI values at
low shear stress (<3 Pa) and a decrease at high shear stress (>3 Pa) were observed following
the in vitro administration of 5 µL and the in vivo administration of 200 µL/bwkg of bile,
respectively, compared to intact whole blood.

Figure 2 illustrates the elongation index (EI) as a function of shear stress (SS); the nu-
merical data of the conventional and osmotic gradient deformability tests are summarized
in Tables 3 and 4.
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Figure 2. Elongation index as a function of shear stress (SS [Pa]) for rats (A) and pigs (B), for mixtures
of bile and blood (in vitro, 1 µL or 5 µL of bile in 500 µL blood) and for samples obtained after the
induction of bilhemia (in vivo, 200 µL/bwkg), compared to base values (intact blood). Means ± S.D.

Table 3. Alterations in red blood cell deformability parameters for mixtures of bile and blood (in vitro,
1 µL or 5 µL of bile in 500 µL blood) and for samples obtained after the induction of bilhemia (in vivo,
200 µL/bwkg), compared to base values (intact blood samples).

Intact Blood In Vitro 1 µL Bile In Vitro 5 µL Bile In Vivo (Bilhemia)

Rat Pig Rat Pig Rat Pig Rat Pig

EI at 3 Pa 0.372 ± 0.01 0.365 ± 0.01 0.379 ± 0.02 0.355 ± 0.02 0.381 ± 0.01 0.361 ± 0.02 0.389 ± 0.02 * 0.36 ± 0.02

EImax 0.568 ± 0.01 0.521 ± 0.02 0.574 ± 0.01 0.503 ± 0.02 0.573 ± 0.02 0.517 ± 0.03 0.571 ± 0.02 0.512 ± 0.02

SS1/2 [Pa] 1.611 ± 0.21 1.403 ± 0.27 1.609 ± 0.23 1.347 ± 0.26 1.544 ± 0.24 1.355 ± 0.29 1.463 ± 0.34 1.31 ± 0.23

EImax/SS1/2
[Pa−1] 0.358 ± 0.04 0.383 ± 0.07 0.362 ± 0.05 0.385 ± 0.07 0.381 ± 0.05 0.383 ± 0.08 0.404 ± 0.07 0.402 ± 0.06

EI at 3 Pa: elongation index at 3 Pa; EImax: calculated maximal elongation index; SS1/2: shear stress at half EImax.
Means ± S.D.; * p < 0.05 vs. intact blood.
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Table 4. Alterations in red blood cell osmotic gradient deformability (osmoscan) parameters for
mixtures of bile and blood (in vitro, 1 µL or 5 µL of bile in 500 µL blood) and for samples obtained after
the induction of bilhemia (in vivo, 200 µL/bwkg), compared to base values (intact blood samples).

Intact Blood In Vitro 1 µL Bile In Vitro 5 µL Bile In Vivo (Bilhemia)

Rat Pig Rat Pig Rat Pig Rat Pig

EI min 0.156 ± 0.012 0.147 ± 0.013 0.154 ± 0.007 0.142 ± 0.014 0.159 ± 0.016 0.139 ± 0.006 0.158 ± 0.014 0.145 ± 0.008

EI max 0.525 ± 0.023 0.528 ± 0.005 0.532 ± 0.024 0.528 ± 0.004 0.528 ± 0.019 0.528 ± 0.004 0.532 ± 0.03 0.521 ± 0.008

EI hyper 0.263 ± 0.012 0.264 ± 0.003 0.266 ± 0.012 0.264 ± 0.002 0.264 ± 0.01 0.264 ± 0.002 0.266 ± 0.015 0.261 ± 0.004

O min
[mOsm/kg] 136 ± 6.03 182 ± 7.86 137.17 ± 7.17 182 ± 5.76 139.33 ± 6.92 179 ± 4.69 142.67 ± 5.68 183 ± 8.16

O (EI max)
[mOsm/kg] 277 ± 17.4 357.88 ± 10.09 281.67 ± 21.84 354.13 ± 6.56 280.33 ± 26.11 355.43 ± 9.69 288.17 ± 16.14 352.25 ± 10.86

O hyper
[mOsm/kg] 428.33 ± 3.14 492.83 ± 9.95 431 ± 4.16 487 ± 6.16 435.25 ± 6.24 489.8 ± 8.26 439.5 ± 3.7 491 ± 8.17

Area 141.85 ± 9.56 135.03 ± 3.71 143.17 ± 7.33 134.33 ± 1.82 139.9 ± 7.71 135.1 ± 3.13 141.92 ±
14.12 132.84 ± 4.01

∆EI 0.369 ± 0.017 0.381 ± 0.016 0.379 ± 0.021 0.386 ± 0.015 0.369 ± 0.009 0.388 ± 0.009 0.374 ± 0.019 0.377 ± 0.015

∆O 141 ± 12.92 175.88 ±
10.29 144.5 ± 17.76 172.13 ± 5 141 ± 20.83 176.43 ± 6.5 145.5 ± 14.15 169.25 ± 7.2

rEI 3.38 ± 0.18 3.62 ± 0.35 3.46 ± 0.16 3.75 ± 0.37 3.34 ± 0.24 3.79 ± 0.19 3.38 ± 0.17 3.62 ± 0.25

rO 2.04 ± 0.07 1.97 ± 0.08 2.05 ± 0.11 1.95 ± 0.04 2.01 ± 0.12 1.99 ± 0.03 2.02 ± 0.1 1.93 ± 0.06

∆EI/∆O 2.6 × 10−3 ±
3 × 10−4

2.2 × 10−3 ±
2 × 10−4

2.7 × 10−3 ±
4 × 10−4

2.2 × 10−3 ±
1 × 10−4

2.7 × 10−3 ±
4 × 10−4

2.2 × 10−3 ±
9 × 10−5

2.6 × 10−3 ±
3 × 10−4

2.2 × 10−3 ±
1 × 10−4

rEI/rO 1.66 ± 0.11 1.84 ± 0.19 1.69 ± 0.14 1.93 ± 0.19 1.66 ± 0.06 1.91 ± 0.1 1.68 ± 0.14 1.88 ± 0.13

EI min: minimal elongation index; O min: osmolality at EI min; EI max: maximal elongation index; O EI max:
osmolality at EI max; O hyper: osmolality in the hyperosmolar region at 50% of EI max; EI hyper: half EI max in
the hyperosmolar region; ∆EI: absolute difference in EI min and EI max values; ∆O: difference between O min
and O (EI max); ratio values: rEI (EI max/EI min), rO (O (EI max)/O min), ∆EI/∆O, and rEI/rO. Means ± S.D.

3.4. Red Blood Cell Aggregation

Figure 3 presents the alterations in red blood cell aggregation indices.
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3.4. Red Blood Cell Aggregation 
Figure 3 presents the alterations in red blood cell aggregation indices. 

 
Figure 3. Aggregation index values measured in stasis for 5 or 10 s (M 5 s, M 10 s) and at a shear rate
of 3 s−1 for 5 or 10 s (M1 5 s, M1 10 s) after disaggregation. Mean ± S.D.; * p < 0.05 vs. intact blood;
# vs. 1 µL bile.
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For the rat samples, comparing the two in vitro and an in vivo doses, in vitro, 5 µL of
bile significantly decreased the aggregation index values compared to that of intact whole
blood (p < 0.001), and 1 µL of bile (M 5 s, M1 5 s, and M 10 s: p < 0.001; M1 10 s: p = 0.017)
affected all four parameters. Following the administration of 200 µL/bwkg of bile in vivo,
significant differences in the aggregation index values were observed between the groups
when measured under static conditions after 5 s (M 5 s) of disaggregation (p = 0.002 vs.
base conditions, p = 0.003 vs. 1 µL of bile). The values of the other three parameters (M1 5 s,
M 10 s, M1 10 s) were extremely low.

For pigs, no significant changes in the aggregation index values were observed when
comparing intact whole blood with samples after in vitro or in vivo treatment with bile, in
contrast to the significant differences observed in rats (Figure 3).

4. Discussion

In our study, we found that the mean arterial pressure decreased in both species
after intravenous bile administration. In rats, all hematological parameters, except white
blood cell count, showed an increase in vitro and in vivo, while in pigs, a slight increase or
stagnation was observed. No significant changes in red blood cell conventional and osmotic
gradient deformability were observed. A significant decrease in red blood cell aggregation
was observed in rat samples after the in vitro administration of 5 µL of bile, with an
unmeasurable decrease in aggregation after in vivo bile administration. No significant
difference in the aggregation index values was observed in pigs.

The calculation of the bilhemia dosage was based on the in vitro dose of 1 µL. Accord-
ingly, 1 µL of bile was added to 500 µL whole blood, resulting in a bile–blood suspension
of 0.2%. The average blood volume in rats is 54–70 mL/bwkg, while that in pigs is
56–69 mL/bwkg [50]. So, the circulating blood volume in rats ranges from 25 to 32 mL,
and that in pigs from 1165 to 1435 mL. Following the administration of 200 µL/bwkg, a
bile-to-blood ratio of approximately 0.2–0.3% was achieved in vivo.

Bile acids affect blood pressure and heart rate [30,51]. Previous studies demonstrated
that heart disease can result from aberrant bile acid metabolism [52–55]. Heart rate variabil-
ity, stress response sensitivity, and QT interval lengthening are linked to conditions such
as primary biliary cholangitis and intrahepatic cholestasis of pregnancy, which can raise
the risk of cardiovascular complications [56–58]. Furthermore, cirrhotic cardiomyopathy, a
frequent consequence of liver cirrhosis marked by extended QT intervals and systolic or
diastolic failure, might be linked to bile acids’ impact on cardiovascular function [59,60].

Though there is a great deal of disagreement, three theories have been put up to explain
how bile acids could cause bradycardia [61]: (1) by creating a monolayer on the surface
of the cell membrane to cause mechanical interference [62]; (2) by lowering the sluggish
inward calcium current, preventing the membrane from conducting action potentials [63];
(3) by functioning as an antimuscarinic antagonist, since physostigmine can intensify or
counteract their effects [62].

Moreover, gallbladder inflammation can trigger nerve reflexes that lower blood pres-
sure and heart rate and possibly cause cardiac ischemia or arrest [57]. Heart rate and arterial
blood pressure can be impacted by reflex coronary vasoconstriction, which is brought on by
the connection between gallbladder distension and variations in coronary blood flow [64].

It was demonstrated that bile acids cause a process known as eryptosis, i.e., cell
death of erythrocytes [65]. The process by which bile acids cause red blood cells to absorb
more calcium is mediated by the activation of cation channels. This raises cytosolic Ca2+

activity and ultimately causes eryptosis, the suicidal death of erythrocytes marked by
the exposure of phosphatidylserine on the cell surface [65,66]. It was demonstrated that
bile salt-associated hemolysis is partially calcium-mediated [66,67]. Moreover, the bile
acid concentrations needed to induce eryptosis are greater than those needed to cause
hemolysis [65].
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Exercise was also shown to influence alterations in human bile and red blood cell
lipids [54]. Moreover, increased red blood cell distribution width was linked to pregnancy-
related intrahepatic cholestasis, a disorder that impairs the bile flow [68].

Results indicate that the red blood cell uptake of calcium is influenced by bile acid
concentration. Human erythrocytes were demonstrated to absorb calcium in vitro when
exposed to bile salts, and the amount of calcium absorbed depends on bile salts’ concentra-
tion [66]. Bile salts cause hemolysis at high doses by co-micellizing the lipid components
of the cell membrane [66]. However, through as-yet-undefined mechanisms, bile salts are
also linked to hemolysis at lower concentrations [66]. Calcium uptake is stimulated 4- to
25-fold when bile salts are present, and the amount of calcium absorbed depends on the
bile salt concentration [66]. The degree of this increase was attributed to ATP depletion or
exposure to trifluoperazine, both of which reduce red blood cell calcium pump activity [66].
Furthermore, calcium increases the hemolytic activity of bile salts; this effect is greatest in a
buffer containing 100 mM KCl/50 mM of NaCl [62]. In conclusion, the concentration of
bile salts determines the amount of calcium uptake in red blood cells, which is influenced
by the concentration of bile acids.

Bile acids can also stimulate the intake of sodium and/or the export of intracellular
potassium into erythrocytes, which can result in lysis [69]. Moreover, ceramide and Ca2+

entry have a similar impact to that of bile acids in stimulating suicidal cell death [65].
There are notable variations in the composition of bile acids among rats, pigs, and

humans when their bile chemistry is compared. Studies showed that bile samples from
rats and pigs have significant quantitative differences in the amounts of various bile acids,
including taurocholic acid (TCA) and glycocholic acid (GCA), with changes of more than
400% in certain instances [29]. Furthermore, research demonstrated that there are significant
differences in the composition of plasma, urine, and bile acids, as well as their metabolites,
between various species, with minipigs, rats, and mice displaying the most divergent bile
acid profiles in comparison to humans [30]. Additionally, a possible connection between
the composition of bile acids and the activity of calcium ionophores in the intestine was
suggested by an investigation conducted on pigs concerning the relationship between bile
acids’ reported intestinal fluid secretory activity and their properties [55].

A variety of factors may be involved in the variations in bile acid composition found
in different animals. These variables include variations in the enterohepatic circulation
of bile acids, intestinal absorption, and liver metabolism [70,71]. Furthermore, various
species differ in the expression and activity of bile acid transporters as well as of the
enzymes involved in the synthesis and metabolism of bile acids [71,72]. Calcium transport
and ionophore activity are two physiological and pharmacological processes that may
be affected by species-specific variations in bile acid composition [29]. In conclusion, a
variety of complex and multifactorial variables, including variations in intestinal absorption,
enterohepatic circulation, liver metabolism, and the expression and activity of bile acid
transporters and enzymes, contribute to interspecies differences in bile acid composition
and thus to differences in hemorheology and microcirculation due to bilhemia.

Limitations of our study include the fact that only two animal species were studied. We
only tested two doses in vitro and used a short incubation period in our in vivo experiments,
so that only acute changes could be detected. Another limitation of the present research
is that there is anatomical difference between swine and rats regarding the presence or
absence of the gallbladder. Pigs have, like humans, a well-defined gallbladder, but in rats,
this anatomical structure is missing. This fact influenced the method of bile sampling: from
rats bile was collected from the cannulated ductus choledochus, while from pigs it was
obtained directly from the cholecyst.

5. Conclusions

It is concluded that bilhemia directly affects hemodynamic parameters and causes
micro-rheological deterioration. The mean arterial pressure and heart rate decreased in both
species in vivo. No changes in parameters describing red blood cell deformability were



Metabolites 2024, 14, 211 10 of 13

observed after bile administration. There was a significant difference in the aggregation
index values between the two examined species. The red blood cells of rats were more sensi-
tive after both in vitro and in vivo bile administration. In vitro, a possible dose-dependent
effect was also observed. The magnitude and dynamics of the acute hemodynamic effects
of bilhemia were different for the two species studied. The observed micro-rheological and
microcirculatory changes may be part of the complications of liver injury through the direct
action of bile and bile acids.

Further studies are needed to better understand the effect of bile on red blood cells.
Potential studies could include an increased number of animals, with the usage of different
species, doses, and administration frequency, to investigate the possible long-term effects of
bilhemia. Supplementary research could be performed to elucidate the assumptions made
in this study, improve the diagnosis of bilhemia, and develop potential new therapies for
clinical practice.

Author Contributions: Conceptualization, A.D. and N.N.; methodology, investigation, A.A.M., A.V.,
A.D. and N.N.; sample preparation and laboratory investigations, A.A.M., A.V., L.A.F., B.B.-B., N.J.N.
and T.B.N.; writing—original draft preparation, A.A.M. and A.D.; writing—review and editing,
N.N.; supervision, N.N. and A.D.; funding acquisition, N.N. All authors have read and agreed to the
published version of the manuscript.

Funding: The study was supported by the National Research, Development, and Innovation Office
(NKFI-1 “OTKA” K-139184).

Institutional Review Board Statement: In accordance with national (Act XXVIII of 1998 on the pro-
tection and sparing of animals) and EU (Directive 2010/63/EU) regulations, the animal experiments
were registered and approved by the University of Debrecen Committee of Animal Welfare and by
the National Food Chain Safety Office (registration Nr. 17/2022/UDCAW).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to ethical permission constraints.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Haberlik, A.; Cendron, M.; Sauer, H. Biliovenous fistula in children after blunt liver trauma: Proposal for a simple surgical

treatment. J. Pediatr. Surg. 1992, 27, 1203–1206. [CrossRef] [PubMed]
2. Chaubey, V.P.; Laupland, K.B.; Colwell, C.B.; Soriya, G.; Magder, S.; Ball, J.; DiCocco, J.M.; Fabian, T.C.; Moran, G.J.; Easton-Carr,

R.; et al. Biliovenous fistula. In Encyclopedia of Intensive Care Medicine; Vincent, J.L., Hall, J.B., Eds.; Springer: Berlin/Heidelberg,
Germany, 2012; pp. 303–305.

3. Antebi, E.; Adar, R.; Zweig, A.; Barzilay, J.; Mozes, M. Bilemia: An unusual complication of bile ducts stones. Ann. Surg. 1973,
177, 274–275. [CrossRef] [PubMed]

4. Yopp, A. Hemobilia and bilhemia. In Blumgart’s Surgery of the Liver, Biliary Tract and Pancreas, 2-Volume Set; Elsevier: Amsterdam,
The Netherlands, 2017; pp. 1915–1927.

5. Navuluri, R. Hemobilia. Semin. Intervent. Radiol. 2016, 33, 324–331. [CrossRef] [PubMed]
6. Berry, R.; Han, J.; Girotra, M.; Tabibian, J.H. Hemobilia: Perspective and role of the advanced endoscopist. Gastroenterol. Res.

Pract. 2018, 2018, 3670739. [CrossRef] [PubMed]
7. Kumar, M.; Gupta, S.; Soin, A.; Nundy, S. Management of massive haemobilia in an indian hospital. Indian J. Surg. 2008, 70,

288–295. [CrossRef] [PubMed]
8. Gable, D.R.; Allen, J.W.; Harrell, D.J.; Carrillo, E.H. Endoscopic treatment of posttraumatic “bilhemia”: Case report. J. Trauma

1997, 43, 534–536. [CrossRef] [PubMed]
9. Glaser, K.; Wetscher, G.; Pointner, R.; Schwab, G.; Tschmelitsch, J.; Gadenstätter, M.; Bodner, E. Traumatic bilhemia. Surgery 1994,

116, 24–27. [PubMed]
10. Sandblom, P.; Jakobsson, B.; Lindgren, H.; Lunderquist, A. Fatal bilhemia. Surgery 2000, 127, 354–357. [CrossRef] [PubMed]
11. Turk, E.; Temir, Z.G.; Karkiner, A.; Memis, A.; Topalak, O.; Evciler, H.; Ucan, B.; Karaca, I. Bilhemia, an unusual complication after

blunt liver trauma in a child: Case report and review of the literature. Eur. J. Pediatr. Surg. 2010, 20, 212–214. [CrossRef]
12. Çakır, M.S.; Guzelbey, T.; Kınacı, E.; Sevinc, M.M.; Kilickesmez, O. Delayed bilhemia complicating percutaneous transhepatic

biliary drainage: Successful treatment with primary coil embolization. Radiol. Case Rep. 2019, 14, 269–272. [CrossRef] [PubMed]
13. Maxeiner, H. Iatrogene biliovenöse fistel. Z. Rechtsmed. 1984, 91, 235–246. [CrossRef] [PubMed]

https://doi.org/10.1016/0022-3468(92)90788-9
https://www.ncbi.nlm.nih.gov/pubmed/1432530
https://doi.org/10.1097/00000658-197303000-00005
https://www.ncbi.nlm.nih.gov/pubmed/4692113
https://doi.org/10.1055/s-0036-1592321
https://www.ncbi.nlm.nih.gov/pubmed/27904252
https://doi.org/10.1155/2018/3670739
https://www.ncbi.nlm.nih.gov/pubmed/30116262
https://doi.org/10.1007/s12262-008-0085-x
https://www.ncbi.nlm.nih.gov/pubmed/23133086
https://doi.org/10.1097/00005373-199709000-00027
https://www.ncbi.nlm.nih.gov/pubmed/9314323
https://www.ncbi.nlm.nih.gov/pubmed/8023264
https://doi.org/10.1067/msy.2000.103488
https://www.ncbi.nlm.nih.gov/pubmed/10715995
https://doi.org/10.1055/s-0030-1249697
https://doi.org/10.1016/j.radcr.2018.11.013
https://www.ncbi.nlm.nih.gov/pubmed/30505374
https://doi.org/10.1007/BF02116427
https://www.ncbi.nlm.nih.gov/pubmed/6702320


Metabolites 2024, 14, 211 11 of 13

14. Ayoola, R.; Jamindar, P.; Williams, R. Venobiliary fistula with haemobilia: A rare complication of percutaneous liver biopsy. BMJ
Case Rep. 2017, 2017, bcr2016218930. [CrossRef] [PubMed]

15. Mark, M.; Walter, R.; Contesse, J.; Reinhart, W.H. Impairment of blood rheology by cholestatic jaundice in human beings. J. Lab.
Clin. Med. 2003, 142, 391–398. [CrossRef] [PubMed]

16. Chmiel, B. Red blood cell’s deformability in obstructive jaundice. Wiadomości Lek. 2001, 54, 262–267.
17. Huang, L.; Yu, Q.; Peng, H. Hemorheological alteration in patients with cirrhosis clinically diagnosed with portal vein system

thrombosis after splenectomy. Med. Sci. Monit. 2021, 27, e931157. [CrossRef]
18. Woolbright, B.L.; Jaeschke, H. Therapeutic targets for cholestatic liver injury. Expert Opin. Ther. Targets 2016, 20, 463–475.

[CrossRef] [PubMed]
19. Li, W.; Liang, Z. Clinical significance of serum total bile acid and hemorheology indexes in intrahepatic cholestasis of pregnancy.

J. Clin. Med. Prac. 2014, 23, 70–72. [CrossRef]
20. Nemeth, N.; Peto, K.; Magyar, Z.; Klarik, Z.; Varga, G.; Oltean, M.; Mantas, A.; Czigany, Z.; Tolba, R.H. Hemorheological

and microcirculatory factors in liver ischemia-reperfusion injury—An update on pathophysiology, molecular mechanisms and
protective strategies. Int. J. Mol. Sci. 2021, 22, 1864. [CrossRef] [PubMed]

21. Brun, J.F.; Varlet-Marie, E.; Myzia, J.; Raynaud de Mauverger, E.; Pretorius, E. Metabolic influences modulating erythrocyte
deformability and eryptosis. Metabolites 2021, 12, 4. [CrossRef] [PubMed]

22. Szanto, S.; Mody, T.; Gyurcsik, Z.; Babjak, L.B.; Somogyi, V.; Barath, B.; Varga, A.; Matrai, A.A.; Nemeth, N. Alterations of selected
hemorheological and metabolic parameters induced by physical activity in untrained men and sportsmen. Metabolites 2021,
11, 870. [CrossRef] [PubMed]

23. Singh, M.; Kumaravel, M. Influence of jaundice on aggregation process and deformability of erythrocytes. Clin. Hemorheol.
Microcirc. 1995, 15, 273–290. [CrossRef]

24. Baillie, J. Hemobilia. Gastroenterol. Hepatol. 2012, 8, 270–272.
25. Wong, Y.-C.; Wang, L.-J.; Wu, C.-H.; Chen, H.-W.; Fu, C.-J.; Yuan, K.-C.; Lin, B.-C.; Hsu, Y.-P.; Kang, S.-C. Detection and

characterization of traumatic bile leaks using Gd-EOB-DTPA enhanced magnetic resonance cholangiography. Sci. Rep. 2018,
8, 14612. [CrossRef] [PubMed]

26. Spinn, M.P.; Patel, M.K.; Cotton, B.A.; Lukens, F.J. Successful endoscopic therapy of traumatic bile leaks. Case Rep. Gastroenterol.
2013, 7, 56–62. [CrossRef]

27. De Nisco, G.; Chiastra, C.; Hartman, E.M.J.; Hoogendoorn, A.; Daemen, J.; Calò, K.; Gallo, D.; Morbiducci, U.; Wentzel, J.J.
Comparison of swine and human computational hemodynamics models for the study of coronary atherosclerosis. Front. Bioeng.
Biotechnol. 2021, 9, 731924. [CrossRef] [PubMed]

28. Längin, M.; Konrad, M.; Reichart, B.; Mayr, T.; Vandewiele, S.; Postrach, J.; Mokelke, M.; Radan, J.; Brenner, P.; Bauer, A.; et al.
Hemodynamic evaluation of anesthetized baboons and piglets by transpulmonary thermodilution: Normal values and inter-
species differences with respect to xenotransplantation. Xenotransplantation 2020, 27, e12576. [CrossRef] [PubMed]

29. Si, G.L.R.; Yao, P.; Shi, L. Rapid determination of bile acids in bile from various mammals by reversed-phase ultra-fast liquid
chromatography. J. Chromatogr. Sci. 2015, 53, 1060–1065. [CrossRef]

30. Thakare, R.; Alamoudi, J.A.; Gautam, N.; Rodrigues, A.D.; Alnouti, Y. Species differences in bile acids I. plasma and urine bile
acid composition. J. Appl. Toxicol. 2018, 38, 1323–1335. [CrossRef] [PubMed]

31. Coleman, R.; Iqbal, S.; Godfrey, P.P.; Billington, D. Membranes and bile formation. composition of several mammalian biles and
their membrane-damaging properties. Biochem. J. 1979, 178, 201–208. [CrossRef] [PubMed]

32. Windberger, U.; Baskurt, O.K. Comparative hemorheology. In Handbook of Hemorheology and Hemodynamics; Baskurt, O.K.,
Hardeman, M.R., Rampling, M.W., Meiselman, H.J., Eds.; IOS Press: Amsterdam, The Netherlands, 2007; pp. 267–285.

33. Nemeth, N.; Kiss, F.; Miszti-Blasius, K. Interpretation of osmotic gradient ektacytometry (osmoscan) data: A comparative study
for methodological standards. Scand. J. Clin. Lab. Investig. 2015, 75, 213–222. [CrossRef]

34. Gholampour, S.; Mehrjoo, S. Effect of bifurcation in the hemodynamic changes and rupture risk of small intracranial aneurysm.
Neurosurg. Rev. 2021, 44, 1703–1712. [CrossRef] [PubMed]

35. Zhou, R.; Li, J.; Chen, Z.; Wang, R.; Shen, Y.; Zhang, R.; Zhou, F.; Zhang, Y. Pathological hemodynamic changes and leukocyte
transmigration disrupt the blood–spinal cord barrier after spinal cord injury. J. Neuro. 2023, 20, 118. [CrossRef] [PubMed]

36. Chen, S.; Long, W.; Wu, W.; Jiang, C.; Liu, X.; Li, L. The changes of hemodynamic parameters, pathology and c-kit mRNA
expression in myocardium after acute myocardial infarction in rats. Sheng Wu Yi Xue Gong Cheng Xue Za Zhi 2009, 26, 540–544.
[PubMed]

37. Moon, C.M.; Kim, S.K.; Heo, S.H.; Shin, S.S. Hemodynamic changes in the portal vein with age: Evaluation using four-dimensional
flow MRI. Sci. Rep. 2023, 13, 7397. [CrossRef] [PubMed]

38. Garrido, M.; Escobar, C.; Zamora, C.; Rejas, C.; Varas, J.; Párraga, M.; San Martin, S.; Montedónico, S. Bile duct ligature in young
rats: A revisited animal model for biliary atresia. Eur. J. Histochem. 2017, 61, 2803. [CrossRef] [PubMed]

39. Rolf, L.L.; Bartels, K.E.; Nelson, E.C.; Berlin, K.D. Chronic bile duct cannulation in laboratory rats. Lab. Anim. Sci. 1991,
41, 486–492.

40. Hardeman, M.; Goedhart, P.; Shin, S. Methods in hemorheology. In Handbook of Hemorheology and Hemodynamics; Baskurt, O.K.,
Hardeman, M.R., Rampling, M.W., Meiselman, H.J., Eds.; IOS Press: Amsterdam, The Netherlands, 2007; pp. 242–266.

https://doi.org/10.1136/bcr-2016-218930
https://www.ncbi.nlm.nih.gov/pubmed/28710233
https://doi.org/10.1016/S0022-2143(03)00156-2
https://www.ncbi.nlm.nih.gov/pubmed/14713891
https://doi.org/10.12659/MSM.931157
https://doi.org/10.1517/14728222.2016.1103735
https://www.ncbi.nlm.nih.gov/pubmed/26479335
https://doi.org/10.7619/jcmp.201423023
https://doi.org/10.3390/ijms22041864
https://www.ncbi.nlm.nih.gov/pubmed/33668478
https://doi.org/10.3390/metabo12010004
https://www.ncbi.nlm.nih.gov/pubmed/35050126
https://doi.org/10.3390/metabo11120870
https://www.ncbi.nlm.nih.gov/pubmed/34940627
https://doi.org/10.3233/CH-1995-15301
https://doi.org/10.1038/s41598-018-32976-0
https://www.ncbi.nlm.nih.gov/pubmed/30279434
https://doi.org/10.1159/000346570
https://doi.org/10.3389/fbioe.2021.731924
https://www.ncbi.nlm.nih.gov/pubmed/34409022
https://doi.org/10.1111/xen.12576
https://www.ncbi.nlm.nih.gov/pubmed/31854004
https://doi.org/10.1093/chromsci/bmu167
https://doi.org/10.1002/jat.3644
https://www.ncbi.nlm.nih.gov/pubmed/29785833
https://doi.org/10.1042/bj1780201
https://www.ncbi.nlm.nih.gov/pubmed/435277
https://doi.org/10.3109/00365513.2014.993695
https://doi.org/10.1007/s10143-020-01367-3
https://www.ncbi.nlm.nih.gov/pubmed/32803404
https://doi.org/10.1186/s12974-023-02787-w
https://www.ncbi.nlm.nih.gov/pubmed/37210532
https://www.ncbi.nlm.nih.gov/pubmed/19634669
https://doi.org/10.1038/s41598-023-34522-z
https://www.ncbi.nlm.nih.gov/pubmed/37149636
https://doi.org/10.4081/ejh.2017.2803
https://www.ncbi.nlm.nih.gov/pubmed/29046057


Metabolites 2024, 14, 211 12 of 13

41. Baskurt, O.K.; Boynard, M.; Cokelet, G.C.; Connes, P.; Cooke, B.M.; Forconi, S.; Liao, F.; Hardeman, M.R.; Jung, F.; Meiselman,
H.J.; et al. New guidelines for hemorheological laboratory techniques. Clin. Hemorheol. Microcirc. 2009, 42, 75–97. [CrossRef]
[PubMed]

42. Baskurt, O.K.; Hardeman, M.R.; Uyuklu, M.; Ulker, P.; Cengiz, M.; Nemeth, N.; Shin, S.; Alexy, T.; Meiselman, H.J. Parameteriza-
tion of red blood cell elongation index—Shear stress curves obtained by ektacytometry. Scand. J. Clin. Lab. Investig. 2009, 69,
777–788. [CrossRef] [PubMed]

43. Baskurt, O.K.; Meiselman, H.J. Data reduction methods for ektacytometry in clinical hemorheology. Clin. Hemorheol. Microcirc.
2013, 54, 99–107. [CrossRef] [PubMed]

44. Baskurt, O.K.; Uyuklu, M.; Ulker, P.; Cengiz, M.; Nemeth, N.; Alexy, T.; Shin, S.; Hardeman, M.R.; Meiselman, H.J. Comparison of
three instruments for measuring red blood cell aggregation. Clin. Hemorheol. Microcirc. 2009, 43, 283–298. [CrossRef] [PubMed]

45. Vayá, A.; Martinez Triguero, M.; Ricart, A.; Plumé, G.; Solves, P.; Corella, D.; Romagnoli, M. Erythrocyte aggregability and AB0
blood groups. Clin. Hemorheol. Microcirc. 2009, 41, 67–72. [CrossRef] [PubMed]

46. Baskurt, O.K.; Neu, B.; Meiselman, H.J. Measurement of red blood cell aggregation. In Red Blood Cell Aggregation; Baskurt, O.K.,
Neu, B., Meiselman, H.J., Eds.; CRC Press: Boca Raton, FL, USA, 2012; pp. 63–132.

47. Baskurt, O.K.; Neu, B.; Meiselman, H.J. Alterations in red blood cell aggregation. In Red Blood Cell Aggregation; Baskurt, O.K.,
Neu, B., Meiselman, H.J., Eds.; CRC Press: Boca Raton, FL, USA, 2012; pp. 223–267.

48. Schmid-Schonbein, H.; Malotta, H.; Striesow, F. Erythrocyte aggregation: Causes, consequences and methods of assessment.
Tijdschr NvKC 1990, 15, 88–97.

49. Lee, B.K.; Alexy, T.; Wenby, R.B.; Meiselman, H.J. Red blood cell aggregation quantitated via Myrenne aggregometer and yield
shear stress. Biorheology 2007, 44, 29–35. [PubMed]

50. Wolfensohn, S.; Lloyd, M. (Eds.) Handbook of Laboratory Animal Management and Welfare, 4th ed.; Willey Blackwell: Hoboken, NJ,
USA, 2013.

51. Song, E.; Segal, I.; Hodkinson, J.; Kew, M.C. Sinus bradycardia in obstructive jaundice--correlation with total serum bile acid
concentrations. S. Afr. Med. J. 1983, 64, 548–551. [PubMed]

52. Zhang, B.C.; Chen, J.H.; Xiang, C.H.; Su, M.Y.; Zhang, X.S.; Ma, Y.F. Increased serum bile acid level is associated with high-risk
coronary artery plaques in an asymptomatic population detected by coronary computed tomography angiography. J. Thorac. Dis.
2019, 11, 5063–5070. [CrossRef] [PubMed]

53. Chong Nguyen, C.; Duboc, D.; Rainteau, D.; Sokol, H.; Humbert, L.; Seksik, P.; Bellino, A.; Abdoul, H.; Bouazza, N.; Treluyer,
J.M.; et al. Circulating bile acids concentration is predictive of coronary artery disease in human. Sci. Rep. 2021, 11, 22661.
[CrossRef]

54. Simko, V.; Kelley, R.E. Effect of physical exercise on bile and red blood cell lipids in humans. Atherosclerosis 1979, 32, 423–434.
[CrossRef] [PubMed]

55. Maenz, D.D.; Forsyth, G.W. Calcium ionophore activity of intestinal secretory compounds. Digestion 1984, 30, 138–150. [CrossRef]
[PubMed]

56. Zhang, R.; Ma, W.Q.; Fu, M.J.; Li, J.; Hu, C.H.; Chen, Y.; Zhou, M.M.; Gao, Z.J.; He, Y.L. Overview of bile acid signaling in the
cardiovascular system. World J. Clin. Cases 2021, 9, 308–320. [CrossRef] [PubMed]

57. Li, Y.; Li, J.; Leng, A.; Zhang, G.; Qu, J. Cardiac complications caused by biliary diseases: A review of clinical manifestations,
pathogenesis and treatment strategies of cholecardia syndrome. Pharmacol. Res. 2024, 199, 107006. [CrossRef]

58. Desai, M.S.; Penny, D.J. Bile acids induce arrhythmias: Old metabolite, new tricks. Heart 2013, 99, 1629–1630. [CrossRef] [PubMed]
59. Vasavan, T.; Ferraro, E.; Ibrahim, E.; Dixon, P.; Gorelik, J.; Williamson, C. Heart and bile acids—Clinical consequences of altered

bile acid metabolism. Biochim. Biophys. Acta Mol. Basis Dis. 2018, 1864, 1345–1355. [CrossRef] [PubMed]
60. Voiosu, A.; Wiese, S.; Voiosu, T.; Bendtsen, F.; Møller, S. Bile acids and cardiovascular function in cirrhosis. Liver Int. 2017, 37,

1420–1430. [CrossRef] [PubMed]
61. Akhtar, N.; Iqbal, M.J.; Farooq, H. Jaundice and sinus bradycardia 100 years of an unsolved mystery. Pak. Heart J. 2012, 43, 17–19.
62. Joubert, P. An in vivo investigation of the negative chronotropic effect of cholic acid in the rat. Clin. Exp. Pharmacol. Physiol. 1978,

5, 1–8. [CrossRef] [PubMed]
63. Binah, O.; Rubinstein, I.; Bomzon, A.; Better, O.S. Effects of bile acids on ventricular muscle contraction and electrophysiological

properties: Studies in rat papillary muscle and isolated ventricular myocytes. Naunyn Schmiedebergs Arch. Pharmacol. 1987,
335, 160–165. [CrossRef] [PubMed]

64. Vacca, G.; Battaglia, A.; Grossini, E.; Mary, D.A.; Molinari, C. Reflex coronary vasoconstriction caused by gallbladder distension
in anesthetized pigs. Circulation 1996, 94, 2201–2209. [CrossRef] [PubMed]

65. Lang, E.; Pozdeev, V.I.; Gatidis, S.; Qadri, S.M.; Häussinger, D.; Kubitz, R.; Herebian, D.; Mayatepek, E.; Lang, F.; Lang, K.S.; et al.
Bile acid-induced suicidal erythrocyte death. Cell Physiol. Biochem. 2016, 38, 1500–1509. [CrossRef] [PubMed]

66. Oelberg, D.G.; Dubinsky, W.P.; Sackman, J.W.; Wang, L.B.; Adcock, E.W.; Lester, R. Bile salts induce calcium uptake in vitro by
human erythrocytes. Hepatology 1987, 7, 245–252. [CrossRef] [PubMed]

67. Samartsev, V.N.; Khoroshavina, E.I.; Pavlova, E.K.; Dubinin, M.V.; Semenova, A.A. Bile acids as inducers of protonophore and
ionophore permeability of biological and artificial membranes. Membranes 2023, 13, 472. [CrossRef]

68. Vural Yilmaz, Z.; Gencosmanoglu Turkmen, G.; Daglar, K.; Yılmaz, E.; Kara, O.; Uygur, D. Elevated red blood cell distribution
width is associated with intrahepatic cholestasis of pregnancy. Ginekol. Pol. 2017, 88, 75–80. [CrossRef] [PubMed]

https://doi.org/10.3233/CH-2009-1202
https://www.ncbi.nlm.nih.gov/pubmed/19433882
https://doi.org/10.3109/00365510903266069
https://www.ncbi.nlm.nih.gov/pubmed/19929721
https://doi.org/10.3233/CH-2012-1616
https://www.ncbi.nlm.nih.gov/pubmed/23109549
https://doi.org/10.3233/CH-2009-1240
https://www.ncbi.nlm.nih.gov/pubmed/19996518
https://doi.org/10.3233/CH-2009-1163
https://www.ncbi.nlm.nih.gov/pubmed/19136744
https://www.ncbi.nlm.nih.gov/pubmed/17502687
https://www.ncbi.nlm.nih.gov/pubmed/6623241
https://doi.org/10.21037/jtd.2019.12.16
https://www.ncbi.nlm.nih.gov/pubmed/32030222
https://doi.org/10.1038/s41598-021-02144-y
https://doi.org/10.1016/0021-9150(79)90008-X
https://www.ncbi.nlm.nih.gov/pubmed/465123
https://doi.org/10.1159/000199098
https://www.ncbi.nlm.nih.gov/pubmed/6209185
https://doi.org/10.12998/wjcc.v9.i2.308
https://www.ncbi.nlm.nih.gov/pubmed/33521099
https://doi.org/10.1016/j.phrs.2023.107006
https://doi.org/10.1136/heartjnl-2013-304546
https://www.ncbi.nlm.nih.gov/pubmed/23969477
https://doi.org/10.1016/j.bbadis.2017.12.039
https://www.ncbi.nlm.nih.gov/pubmed/29317337
https://doi.org/10.1111/liv.13394
https://www.ncbi.nlm.nih.gov/pubmed/28222247
https://doi.org/10.1111/j.1440-1681.1978.tb00645.x
https://www.ncbi.nlm.nih.gov/pubmed/639354
https://doi.org/10.1007/BF00177718
https://www.ncbi.nlm.nih.gov/pubmed/3561530
https://doi.org/10.1161/01.CIR.94.9.2201
https://www.ncbi.nlm.nih.gov/pubmed/8901672
https://doi.org/10.1159/000443091
https://www.ncbi.nlm.nih.gov/pubmed/27050423
https://doi.org/10.1002/hep.1840070207
https://www.ncbi.nlm.nih.gov/pubmed/3557303
https://doi.org/10.3390/membranes13050472
https://doi.org/10.5603/GP.a2017.0015
https://www.ncbi.nlm.nih.gov/pubmed/28326516


Metabolites 2024, 14, 211 13 of 13

69. Child, P.; Rafter, J. Calcium enhances the hemolytic action of bile salts. Biochim. Biophys. Acta 1986, 855, 357–364. [CrossRef]
[PubMed]

70. Setchell, K.D.; Rodrigues, C.M.; Clerici, C.; Solinas, A.; Morelli, A.; Gartung, C.; Boyer, J. Bile acid concentrations in human and
rat liver tissue and in hepatocyte nuclei. Gastroenterology 1997, 112, 226–235. [CrossRef] [PubMed]

71. Li, J.; Dawson, P.A. Animal models to study bile acid metabolism. Biochim. Biophys. Acta Mol. Basis Dis. 2019, 1865, 895–911.
[CrossRef] [PubMed]

72. Thakare, R.; Alamoudi, J.A.; Gautam, N.; Rodrigues, A.D.; Alnouti, Y. Species differences in bile acids II. Bile acid metabolism.
J. Appl. Toxicol. 2018, 38, 1336–1352. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/0005-2736(86)90081-7
https://www.ncbi.nlm.nih.gov/pubmed/3081029
https://doi.org/10.1016/S0016-5085(97)70239-7
https://www.ncbi.nlm.nih.gov/pubmed/8978363
https://doi.org/10.1016/j.bbadis.2018.05.011
https://www.ncbi.nlm.nih.gov/pubmed/29782919
https://doi.org/10.1002/jat.3645
https://www.ncbi.nlm.nih.gov/pubmed/29845631

	Introduction 
	Materials and Methods 
	Experimental Animals and Sampling Protocol 
	Experimental Protocol in Rats 
	Experimental Protocol in Pigs 
	Blood Sampling Protocol 

	Hematological Parameters 
	Red Blood Cell Conventional and Osmotic Gradient Deformability Measurements 
	Determination of Red Blood Cell Aggregation 
	Statistical Analysis 

	Results 
	Hemodynamic Variables 
	Hematological Parameters 
	Red Blood Cell Deformability 
	Red Blood Cell Aggregation 

	Discussion 
	Conclusions 
	References

