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Atazanavir-induced
unconjugated hyperbilirubinemia
prevents vascular hyporeactivity
during experimental
human endotoxemia
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Suzanne Heemskerk1,2, Hennie M.J. Roelofs3, Paul Smits2,
Johannes G. van der Hoeven1, Frank A.D.T.G. Wagener4*

and Peter Pickkers1

1Department of Intensive Care Medicine, Radboudumc Center for Infectious Diseases, Radboud
University Medical Center, Nijmegen, Netherlands, 2Department of Pharmacology and Toxicology,
Research Institute for Medical Innovation, Radboud University Medical Center, Nijmegen, Netherlands,
3Department of Gastroenterology, Radboud University Medical Center, Nijmegen, Netherlands,
4Dentistry-Orthodontics and Craniofacial Biology, Research Institute for Medical Innovation, Radboud
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Objective: Inflammation-induced free radical release is important in the

pathogenesis of several diseases, including atherosclerosis and sepsis. Heme

oxygenase (HO) breaks down heme into carbon monoxide, iron, and biliverdin.

Biliverdin IXa is directly converted to bilirubin by biliverdin reductase.

Unconjugated bilirubin is a powerful antioxidant, and elevated levels have

beneficial effects in preclinical models and human cardiovascular disease.

However, its impact during acute inflammation in humans is unknown. In the

present study, we investigated the impact of atazanavir-induced (unconjugated)

hyperbilirubinemia on antioxidant capacity, inflammation, and vascular

dysfunction in human experimental endotoxemia.

Approach and results: Following double-blinded four-day treatment with

atazanavir 2dd300 mg (or placebo), twenty healthy male volunteers received 2

ng/kg Escherichia coli lipopolysaccharide intravenously. Blood was drawn to

determine the bilirubin levels, antioxidant capacity, and cytokine response. It was

demonstrated that following atazanavir treatment, total bilirubin concentrations

increased to maximum values of 4.67 (95%CI 3.91-5.59) compared to 0.82 (95%

CI 0.64-1.07) mg/dL in the control group (p<0.01). Furthermore, the anti-oxidant

capacity, as measured by the ferric-reducing ability of plasma (FRAP), was

significantly increased with 36% in hyperbilirubinemia subjects (p<0.0001), and

FRAP concentrations correlated strongly to bilirubin concentrations (R2 = 0.77,

p<0.001). Hyperbilirubinemia attenuated the release of interleukin-10 from 377

(95%CI 233-609) to 219 (95%CI 152-318) pg/mL (p=0.01), whereas the release of

pro-inflammatory cytokines remained unaltered. In vitro, in the absence of

hyperbilirubinemia, atazanavir did not influence lipopolysaccharide-induced
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cytokine release in a whole blood assay. Vascular function was assessed using

forearm venous occlusion plethysmography after intra-arterial infusion of

acetylcholine and nitroglycerin. Hyperbilirubinemia completely prevented the

LPS-associated blunted vascular response to acetylcholine and nitroglycerin.

Conclusions: Atazanavir-induced hyperbilirubinemia increases antioxidant

capacity, attenuates interleukin-10 release, and prevents vascular

hyporesponsiveness during human systemic inflammation elicited by

experimental endotoxemia.

Clinical trial registration: http://clinicaltrials.gov, identifier NCT00916448.
KEYWORDS

antioxidant, heme oxygenase system, atherosclerosis, bilirubin, inflammation,
endothelial dysfunction
Introduction

Inflammation is the common denominator for numerous

diseases, and among them are the most common causes of death

in the developed world, including ischemic heart disease, stroke (1)

and sepsis (2) In cardiovascular diseases, chronic inflammation,

oxidative stress, and endothelial dysfunction contribute to the

formation and progression of atherosclerosis (3). Acute

inflammatory disorders such as the systemic inflammatory

response after trauma, major surgery, or during sepsis are

believed to be driven by the same factors: activation of innate

immunity and oxidative stress, leading to vascular dysfunction,

organ dysfunction, and, ultimately, death (4, 5). Therefore,

cardiovascular and infectious diseases research has demonstrated

overlap in recent years, focusing on cytoprotective enzyme

networks and their anti-inflammatory and anti-oxidative effects

(6, 7). The heme oxygenase system is one of the most prominent

antioxidant enzymes (8). Heme oxygenase (HO) breaks down heme

into carbon monoxide, iron, and biliverdin. Biliverdin IXa is

subsequently converted by biliverdin reductase to bilirubin (9).

While historically considered a toxic waste product, bilirubin is

the body’s most potent endogenous anti-oxidant (10). Bilirubin is

known to inhibit nicotinamide adenine dinucleotide phosphate

(NADPH) oxidase (11, 12) and lipid peroxidation, both

considered crucial for the development of atherosclerosis (13, 14).

Furthermore, it is a known scavenger of reactive nitrogen species

(RNS) such as nitric oxide (NO) and peroxynitrite (15), both

considered central players in the development of mitochondrial

dysfunction in septic shock (13, 16). Indeed, low bilirubin levels are
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linked to an increased risk for cardiovascular and fibrotic disease

(17–21).

On the other hand, subjects with the common Gilbert syndrome,

known for a mild lifelong increase in bilirubin concentrations,

demonstrate increased antioxidant capacity (22–24), and better

endothelium-dependent vasodilation (25). In addition, they are

protected from myocardial infarction and peripheral artery diseases

in most (23, 25–27) but not all studies (28, 29). Animal experiments

have also demonstrated the beneficial effects of bilirubin (or

biliverdin) administration in endotoxemia, a model for acute

inflammatory disorders such as sepsis (30–32). Data from almost

85 years ago suggested already potent anti-inflammatory effects of

bilirubin infusion on arthritis in humans (33). Moreover, beneficial

effects on endothelial function were demonstrated in diabetic patients

treated with the bilirubin-increasing drug atazanavir (34). Atazanavir,

a protease inhibitor used in treating human immunodeficiency virus

(HIV) infection, is known to inhibit uridine diphosphate-5’-

glucuronosyltransferase A1 (UGT1A1), thereby creating a

pharmacologically-induced Gilbert-syndrome. We used this effect

to create hyperbilirubinemia in the healthy volunteers participating in

the present study. We modified the dosing regime in agreement with

a previous study to produce sufficient bilirubin (34). The human

endotoxemia model is known for inducing a predictable

inflammatory response and vascular hyporesponsiveness.

Therefore, administering lipopolysaccharide (LPS) to healthy

volunteers enables the investigation of possible therapeutical targets

in inflammatory disorders (35, 36). In the present study, we aimed to

investigate the effects of atazanavir-induced mild hyperbilirubinemia

on anti-oxidant capacity, systemic inflammation, and vascular

hyporeactivity elicited by experimental human endotoxemia.
Materials and methods

All study procedures were approved by the local ethical

committee and in accordance with the declaration of Helsinki.
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This study was registered at www.clinicaltrials.gov under the

number NCT00916448.
Subjects

All participating subjects gave written informed consent prior

to inclusion. A screening visit within two weeks of the experiments

demonstrated no abnormalities in medical history or physical

examination. Routine laboratory tests and an electrocardiogram

(ECG) showed no abnormalities. All subjects tested negative for

HIV and Hepatitis B. Total bilirubin levels below 0.88 mg/dL (below

15 mmol/L) were obligatory to exclude subjects with Gilbert

syndrome. All subjects were non-smokers with no signs of

previous hypertension or cardiovascular disease. Furthermore, no

use of (over the counter or prescribed) drugs was allowed within

two weeks before enrollment until the end of the study. Ten h before

the infusion of LPS, subjects refrained from consuming alcohol,

caffeine, and food.
Study design

In clinical practice, HIV-patients are treated with 300 mg of

atazanavir once daily boosted with 100 mg of ritonavir. A study

performed by Acosta et al. demonstrated that when atazanavir is

used in a 300 mg twice daily dose, it is well tolerated and leads to a

lower Cmax and AUC than atazanavir 300 mg once daily boosted

with ritonavir (37). However, subjects in the twice-daily atazanavir

group did experience hyperbilirubinemia. A side effect that we

chose to use as a therapeutic agent. Our research group has

previously used this 600mg dosage of atazanavir successfully to

increase bilirubin levels in diabetes patients (34). In this

randomized placebo-controlled parallel study, subjects were

treated with atazanavir 300 mg or placebo twice daily for four

consecutive days before the LPS infusion in a double-

blinded fashion.

Randomization was performed by an independent research

nurse using sealed envelopes. Per the inclusion criterion, all

subjects started treatment with bilirubin levels below 0.88 mg/dL.

After two days into the treatment protocol, bilirubin levels were

checked by the independent research nurse to ensure that total

concentrations would not exceed desired values. Given the double-

blind, placebo-controlled nature of the study, investigators were not

informed about bilirubin concentrations. However, when bilirubin

concentrations exceeded 4.68 mg/dL (equal to 80 mmol/L) the

subject was excluded from further participation by the research

nurse. Excluded subjects were replaced in the study protocol

without unblinding the involved investigators. After 4 days of

treatment, subjects were admitted to the research-intensive care

unit of the Radboud university medical center. An additional ECG

was performed to exclude conduction disorder as a side effect

of atazanavir.

After local anesthesia (lidocaine 20 mg/mL), the brachial artery

was cannulated with a 20-gauge catheter connected to an arterial

pressure monitoring line (Edwards Lifesciences LLC, Irvine CA,
Frontiers in Immunology 03
USA connected to a Philips IntelliVue MP70 monitor, Philips

Medical Systems, Eindhoven, The Netherlands) to enable the

administration of vasodilating drugs, blood sampling and the

continuous monitoring of blood pressure. A second cannula was

placed in an antecubital vein to permit infusion of prehydration

fluid (1.5 L of 2.5% glucose/0.45% saline solution), LPS, and the

continuous infusion of 150 mL/h 2.5% glucose/0.45% saline. After

determination of the baseline responses to acetylcholine and

nitroglycerin, purified LPS (US Standard Reference Endotoxin E.

coli O:113) obtained from the Pharmaceutical Development Section

of the National Institutes of Health (Bethesda, MD, USA) was

administered at a dose of 2 ng/kg body weight. Blood was sampled

serially, and body temperature was determined every 30 minutes

(min)(Firsttemp Genius 2, Covidien, Dublin, Ireland) (Figure 1).
Laboratory tests

All blood samples were drawn from the arterial line, except for

samples obtained at t=24 hours (h) when blood was sampled using

regular vena puncture. Bilirubin was determined before and every

two h after LPS infusion in lithium heparin plasma using

immunologic detection according to the manufacturer’s

instructions (Aeroset, Abbott Laboratories, Abbott Park, IL,

USA). The ferric-reducing ability of plasma (FRAP) assay was

performed in duplicate as described previously (38). Ferric

reducing ability of plasma values were obtained using a 7-point

calibration curve of known amounts of Fe2+ and expressed in mmol

Fe2+/L. The concentrations of circulating cytokines tumor necrosis

factor (TNF)-a, interleukin (IL)-6, IL-8, IL-10 and monocyte

chemotactic protein (MCP)-1, as well as concentrations of

endocan, endothelial (E) and platelet (P)-selectins and soluble

vascular cell and inter-cellular adhesion molecules (VCAM-1 and

ICAM-1) were determined in EDTA or lithium heparin plasma

obtained immediately before LPS administration and serially

thereafter (see Figure 1 for details). Measurements of all cytokines

and the soluble adhesion molecules VCAM-1 and ICAM-1 were

performed by a multiplex assay according to the manufacturer’s

instructions (Bio-plex cytokine assay, BioRad, Hercules, CA, USA at

Luminex 100, Luminex Corporation, The Netherlands). The soluble

adhesion molecules E-and P-selectin were determined by Enzyme-

Linked Immuno Sorbent Assay (ELISA) (R&D systems,

Minneapolis, USA). Endocan was measured using a sandwich

ELISA (Lunginnov, Lille, France).

C-reactive protein (CRP) levels were measured just before and

at 8 and 24 h after LPS in lithium heparin plasma (Aeroset, Abbott

Laboratories, Abbott Park, IL, USA). Leukocyte counts were

determined in EDTA anti-coagulated blood using flow-cytometry

(Sysmex XE-2100, GoffinMeyvis, Etten-Leur, The Netherlands) just

before and serially after LPS infusion.
In vitro LPS stimulation

To exclude a direct pro- or anti-inflammatory effect of

atazanavir unrelated to its induction of hyperbilirubinemia, an in
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vitro experiment incubating whole blood in the presence or absence

of atazanavir and/or LPS was performed. An atazanavir stock

solution of 1 mg/mL was prepared as previously described (39)

and dissolved in DMSO to prevent sedimentation. Further

dissolution was performed in RPMI 1640 (Sigma-Aldrich,

Zwijndrecht, The Netherlands) to reach a final concentration of

dimethyl sulfoxide (DMSO) of 0.1%. Whole blood of 6 healthy

volunteers was incubated with atazanavir 0, 1, 5, or 10 mmol/L and

LPS 0, 1, 10 ng/mL for 24 h at 37°C under 5% CO2. Thereafter, the

incubate was centrifuged at 20.000 g for 5 min. Plasma was

aspirated and an ELISA was performed for TNF-a and IL-10

(R&D systems, Minneapolis, USA).
Forearm blood flow measurements

Forearm blood flow (FBF) was determined using venous

occlusion plethysmography (Filtrass, Domed, Munich,

Germany) as previously described (40, 41). Briefly, venous

occlusion was achieved by inflating the upper arm cuff to 45

mmHg. Strain gauges were placed on the forearm and connected

to plethysmographs to measure changes in forearm volume in

response to inflation of the venous-congesting cuffs. FBF and drug

administration were normalized to forearm volume as measured

with the water displacement method and expressed in milliliters

(mL) per min per deciliter (dL) forearm volume (mL/min/dL).

After instrumentation, a resting period of 30 min was kept

ensuring stable FBF. After that, a dose-response curve to

intrabrachial infusion of acetylcholine (Miochol,Thea Pharma

NV, Zoetermeer, the Netherlands) and nitroglycerine

(Nitropohl, Pohl-Boskamp, Hoofddorp, The Netherlands) was

determined. Baseline FBF was determined for five min, after

which increasing doses of acetylcholine at 0.5, 2, and 8 mg/min/

dL forearm volume were infused in equal volumes. Each dose was

administered for 5 min, while measurements of FBF were

performed in the last 3 min of each dose. After a washout

period of 15 min and after another baseline measurement,

nitroglycerin was infused in the same fashion at doses of 125,

250, and 500 ng/min/dL.
Frontiers in Immunology 04
Since infusion of LPS is known to induce vascular

hyporeactivity to vasodilators after 4 h and until 6 h after

administration (42, 43), we repeated these measurements at t=4 h

to determine the effects of atazanavir-induced hyperbilirubinemia

on LPS-induced vascular hyporeactivity.
Data analysis and statistics

Values are expressed as geometric mean (95% confidence

interval (CI)) unless described otherwise. Because of the small

sample size, log transformation was performed to ensure a

Gaussian distribution. A two-way repeated-measures analysis of

variance (ANOVA) was used to test variation over time, the

variation between interventions, and the interaction between time

and intervention (IBM SPSS statistics 20 software, Amsterdam, The

Netherlands). One-way ANOVA (GraphPad Prism version 5.03 for

Windows, GraphPad Software, San Diego California, USA)

analyzed changes over time alone. We used Student’s t-test

(Graphpad) on log-transformed data to compare differences in

baseline parameters between groups and between baseline and

peak values. A p-value<0.05 was considered to indicate

significance. Given this study’s explorative “proof-of-concept”

nature, no formal sample size calculation was performed, and no

subgroup analyses were conducted.
Results

Demographic data and safety

Baseline characteristics are presented in Table 1. There were no

significant differences between the groups. The study drugs were

well tolerated, and the subjects reported no side effects.

A total of 30 subjects were included in the study, 10 could not

complete the study protocol for different reasons: five subjects were

excluded because of a too steep rise in bilirubin following intake of

study medication, as measured two days before the planned LPS

administration. Two subjects experienced a vagal response during
FIGURE 1

Flowchart of the study protocol. After 4 days of taking either atazanavir (n=10) or placebo (n=10), but prior to LPS infusion at 0 h, dose-response
curves to acetylcholine and nitroglycerine were determined. Thereafter, prehydration (1,5L of 2,5% Glucose/0.45% NaCl) was infused and blood was
sampled before LPS infusion and serially after that. At 4 h after LPS, dose-response curves to acetylcholine and nitroglycerine were repeated. FBF
indicates forearm blood flow. The dosing of acetylcholine was 0.5-2-8 mg/min/dL forearm volume; nitroglycerin was dosed at 125-250-500 ng/min/
dL forearm volume. *: time points that blood samples were taken.
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the placement of the cannulas, 1 subject was unable to plan the

experiment, 1 subject made errors in medication intake, and 1

subject had a new 1st degree atrioventricular block on the morning

of the experiment. All subjects excluded after starting the study

medication were replaced to ensure the equal distribution of

subjects in the two treatment arms.
Bilirubin and anti-oxidant capacity

Before the start of atazanavir/placebo treatment, bilirubin levels

averaged 0.54 (95%CI: 0.49-0.58) mg/dL in subjects using

atazanavir versus 0.57 (95%CI: 0.50-0.65) mg/dL in the placebo

group (p=0.5). After 4 days of treatment, bilirubin averaged 3.08

(95%CI: 2.62-3.61) mg/dL in subjects treated with atazanavir versus

0.48 (95%CI: 0.37-0.52) mg/dL in subjects treated with

placebo (p<0.01).

During experimental endotoxemia, a further increase in

bilirubin was observed in both groups. In subjects treated with

atazanavir, bilirubin levels peaked after 6 h with maximum

concentrations of 4.67 (95%CI: 3.91-5.59) mg/dL while in the

placebo group, maximum values of 0.82 (95%CI: 0.64-1.07) were

reached at 4 h after LPS infusion (over time both p<0.001, between

groups p=0.001) (Figure 2A).

The total antioxidant capacity was assessed by measurement of

FRAP. It was significantly increased in subjects treated with

atazanavir averaging 1.09 (95%CI: 1.01-1.18) mmol Fe2+/L

compared to 0.80 (95%CI: 0.72-0.89) mmol Fe2+/L in subjects

treated with placebo (p<0.0001) and did not change following

LPS administration (over time p=0.5 in both the atazanavir group

and the placebo group). Furthermore, there was a strong correlation

between bilirubin and FRAP concentrations (Spearman R2: 0.77,

p<0.001) (Figure 2B).
Frontiers in Immunology 05
Inflammatory effects in vivo and in vitro

As shown in Figure 3, LPS infusion increased all measured

cytokines. Maximum concentrations for the pro-inflammatory

cytokine TNF-a were 578 (95%CI: 443-753) pg/mL in subjects

treated with atazanavir versus 580 (95%CI: 395-852) pg/mL in

subjects treated with placebo (p-value over time both <0.001,

between groups p=0.7). Concentrations of IL-6 peaked at 1082

(95%CI: 914-1280) pg/mL in hyperbilirubinemia subjects compared

to 890 (95%CI: 683-1160) pg/mL in the placebo group (over time

both p<0.001, between groups p=0.1). IL-8 reached maximum

values of 693 (95%CI: 583-825) pg/mL in subjects treated with

atazanavir versus 590 (95%CI: 444-784) pg/mL in subjects treated

with placebo (over time p<0.001, between groups p=0.2).

The endotoxemia-induced increase in anti-inflammatory

cytokine IL-10 was attenuated in subjects treated with atazanavir:

219 (95%CI: 152-318) pg/mL versus 377 (95%CI: 233-609) pg/mL

in subjects in the placebo group (over time, both p<0.001, between

groups p=0.01). (Figure 4) Moreover, peak levels of IL-10 were

correlated to peak levels of bilirubin (Pearson R2= -0.19, p=0.05)

and area under the curve for bilirubin (Spearman R2: -0.25, p=0.03).

MCP-1 peaked at 5828 (95%CI: 4183-8063)pg/mL in

atazanavir-treated subjects while subjects treated with placebo had

maximum values of 6835 (95%CI: 5224-8943) pg/mL (over time

p<0.001, between groups p= 0.6, data not shown).

CRP was maximally increased at 24 h following LPS infusion

but did not differ between groups (average concentration of 39 (95%

CI: 33-47) mg/L in the atazanavir-group compared to 35 (95%CI:

29-44) mg/L in the placebo group, p=0.3).

As expected, in our in vitro experiments, increasing doses of

LPS induced increasing concentrations of TNF-a and IL-10.

(Figure 4) However, increasing concentrations of atazanavir did

not modulate the release of TNF-a or IL-10 during whole blood
TABLE 1 Baseline characteristics.

Placebo (n=10) Atazanavir (n=10) p-value

Height, cm 182 (179-185) 182 (177-187) 0.9

Weight, kg 73.7 (68.4-79.4) 76.7 (70.4-83.4) 0.5

Body mass index, kg/m2 22.3 (20.8-23.9) 23.2 (21.4-25.1) 0.3

Age, years 23.0 (21.4-24.7) 21.7 (19.8-23.9) 0.3

Heart rate, bpm 60 (54-66) 63 (57-69) 0.5

Systolic blood pressure, mmHg 121 (112-130) 125 (119-131) 0.5

Diastolic blood pressure, mmHg 74 (70-78) 77 (71-82) 0.4

Forearm Volume, mL 1401 (1324-1482) 1415 (1292-1549) 0.9

Total cholesterol, mmol/L 3.3 (2.8-3.7) 3.2 (2.8-3.6) 0.7

LDL cholesterol, mmol/L 1.9 (1.5-2.3) 1.7 (1.3-2.1) 0.4

HDL cholesterol, mmol/L 0.97 (0.85-1.1) 1.00 (0.88-1.12) 0.7

Non-HDL cholesterol, mmol/L 2.3 (1.9-2.8) 2.1 (1.7-2.6) 0.6

Triglycerides, mmol/L 0.8 (0.6-1.1) 1.0 (0.8-1.2) 0.3
All data are expressed as geometric mean (95% confidence interval). P-values were obtained using an unpaired Student’s t-test on log-transformed data to ensure normal distribution. No
significant differences between groups were observed.
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incubation for 24 h nor did atazanavir influence the release of TNF-

a or IL-10 with increasing doses of LPS.
Effects on systemic hemodynamic response

LPS caused a significant decrease in mean arterial pressure

(MAP) and increase in heart rate (P<0.001). Treatment with

atazanavir or placebo did not influence endotoxemia-induced

changes in hemodynamics. At 4 h after LPS infusion, MAP was

decreased by 20% in subjects receiving atazanavir versus a decrease

of 16% in subjects receiving placebo (Table 2, over time both groups

p<0.001, no significant difference between groups). Heart rate
Frontiers in Immunology 06
increased by 30% in hyperbilirubinemic subjects versus 31% in

the placebo group. (Table 2, over time both groups p<0.001, no

significant difference between groups).
Effects on endothelial dysfunction
and activation

FBF assessed by venous occlusion plethysmography increased

in both groups after LPS infusion as demonstrated in Table 2. In

subjects treated with placebo and before the administration of LPS,

the highest dose of acetylcholine (8 µg/min/dL forearm tissue)

increased flow to 304 (95%CI: 214-430)% compared to baseline.
BA

FIGURE 2

(A) Bilirubin concentrations in subjects treated with placebo (•) and atazanavir (∘). The baseline depicts values before the start of treatment with a placebo
or atazanavir. The shaded area represents this 4-day treatment window. Afterwards, measurements were performed before (0h) and serially after
administering 2 ng/kg Escherichia coli LPS. Data are represented as geometric mean and 95% confidence interval. P-value was obtained by repeated
measures ANOVA on log-transformed data of the complete curve. (B) The correlation between bilirubin and FRAP. Values were obtained just before
administering 2 ng/kg Escherichia coli LPS. Correlations were determined using Pearson’s correlation coefficient on log-transformed data.
B

C D

A

FIGURE 3

Cytokine concentrations. Levels were determined in the absence (n=10 depicted as •) and presence (n=10, depicted as ∘) of atazanavir after
administration of 2 ng/kg Escherichia coli LPS to healthy volunteers at 0 h. Data are presented as geometric mean and 95% confidence interval.
P-values were obtained using repeated measures ANOVA on log-transformed data of the complete curve. (A) TNF-a: tumor necrosis factor-a,
(B) IL-6: interleukin-6, (C) IL-10: interleukin-10, (D) IL-8: interleukin-8.
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At 4 h after LPS infusion the response was attenuated to a

maximum response of 183 (95%CI: 136-246)% compared to the

baseline measured at 4 h. (p=0.02, Figure 5A).

The attenuated vasodilatory response following LPS infusion

was not observed in subjects treated with atazanavir. After the

highest dose of acetylcholine and before the administration of LPS,

flow increased to 221 (95%CI: 129-378)% compared to baseline,

whereas 4 h after LPS administration flow increased to 217 (95%CI:

135-347)% after 8 µg/min/dL acetylcholine.(p=0.8, Figure 5B).

For nitroglycerine, similar effects were found. In subjects treated

with placebo, nitroglycerine at a dose of 500 ng/min/dL increased

flow to maximum values of 251 (95%CI: 185-340)% compared to

baseline, whereas at 4 h after LPS the maximum response was 169

(95%CI: 143-198)% (p=0.01). In hyperbilirubinemic subjects, the

attenuated response following LPS infusion was not observed: 226

(95%CI: 162-316) % compared to baseline before LPS and 173 (95%

CI: 142-211)% after LPS infusion. (p=0.2, Figures 5C, D).

Following LPS administration, the soluble endothelial adhesion

molecules E-selectin, P-selectin, VCAM-1, and ICAM-1

significantly increased over time (p<0.01). No significant

differences could be demonstrated between subjects treated with

atazanavir or placebo. (Figure 6) Furthermore, the circulating

proteoglycan endocan was increased from 2.7 (2.3-3.1) at baseline
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to 6.7 (5.9-7.7) ng/mL at 3 h after LPS in hyperbilirubinemic

subjects compared to an increase from 2.7 (2.1-3.3) to maximum

values of 7.3 (5.6-9.6) at 3 h after LPS infusion in placebo-treated

subjects (over time both p<0.001). No significant differences

between groups were observed.
Discussion

The present study demonstrates that atazanavir-induced

hyperbilirubinemia indeed increases anti-oxidative capacity.

Moreover, vascular hyporeactivity during experimental endotoxemia

was prevented in subjects with atazanavir-induced hyperbilirubinemia.

Surprisingly, endotoxemia-induced IL-10 release was attenuated

following atazanavir-induced hyperbilirubinemia.

Our data indicate that bilirubin levels in this range (3.08 (95%

CI: 2.62-3.61) mg/dL) exert relevant effects on oxidative stress,

inflammation, and vascular reactivity in humans in vivo. In the

human body, bilirubin is present in three forms: the majority is

albumin-bound unconjugated bilirubin, a very small fraction is free

unconjugated bilirubin, and the remainder is conjugated bilirubin.

By using atazanavir, the main form of the increased bilirubin levels

will be albumin-bound and unconjugated. Its anti-oxidative effects
TABLE 2 Hemodynamic response, temperature, and forearm blood flow after 2 ng/kg E. coli LPS infusion.

Before LPS T=4 h p-value
over time

p-value between
groups

Heart Rate, bpm Placebo
Atazanavir

70 (62-79)
73 (65-81)

92 (85-100)
95 (87-104)

<0.001
<0.001

0.3

MAP, mmHg Placebo
Atazanavir

93 (87-100)
96 (91-102)

78 (73-84)
77 (72-82)

<0.001
<0.001

0.6

Temperature, °C Placebo
Atazanavir

36.8 (36.7-37.0)
36.8 (36.6-37.1)

37.8 (37.4-38.3)
38.0 (37.2-38.9)

<0.001
<0.001

0.6

FBF, mL/min/dL Placebo
Atazanavir

3.2 (2.1-4.8)
4.5 (3.0-6.7)

8.1 (6.5-10.1)
6.9 (4.5-10.5)

<0.001
0.2

NS*
MAP, mean arterial blood pressure; FBF, forearm blood flow. Data are expressed as geometric mean and 95% confidence interval. P-values were all calculated on log-transformed data. Values
over time were obtained using one-way ANOVA while p-values between groups were obtained using repeated measures analysis of variance or, in the case of forearm blood flow, using an
unpaired Student’s t-test. *NS is used to indicate the non-significant differences between forearm blood flow in subjects using placebo or atazanavir before LPS (p=0.2) and after LPS (p=0.5).
BA

FIGURE 4

In vitro effects of atazanavir and LPS. (A) Concentration of tumor necrosis factor-a (TNF-a) 24 hrs after incubation of whole blood with rising doses
of Escherichia coli LPS and/or atazanavir (ATV) (n=6). Both LPS doses significantly increased TNF-a concentrations (p<0.001), while increasing
amounts of atazanavir did not affect TNF-a concentrations. (B) Concentrations of interleukin (IL)-10 after 24 hrs of whole blood incubation (n=6)
with rising doses of Escherichia coli LPS and/or atazanavir (ATV). Both doses of LPS significantly increased IL-10 concentrations (p<0.001), while
increasing doses of atazanavir did not affect IL-10. Whiskers are depicted as minimum and maximum values. P-values were obtained using Student’s
t-test on log-transformed data.
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in this form include inhibition of NADPH oxidase (11, 12), reduced

lipid-peroxidation, scavenging of peroxyl radicals, and RNS,

thereby protecting fatty acids and decreasing the oxidative

capacities of hydroxyl, superoxide anion radicals, and

peroxynitrite (extensively described in a review by Stocker (10)).

Besides beneficial effects in cardiovascular diseases by preventing

the formation and progression of atherosclerosis and vascular

dysfunction, these effects could also benefit septic patients since

these substances are related to mitochondrial dysfunction, which is

important in developing organ dysfunction (13, 16).

Vascular dysfunction is strongly associated with atherosclerosis

and cardiovascular disease, and increased oxidative stress is of

utmost importance for its development (44). Our data show that

LPS-induced vascular hyporeactivity is absent during mild

hyperbilirubinemia. We hypothesize that the anti-oxidative

capacities of bilirubin mediate this effect. Similar effects have been

demonstrated for the anti-oxidant vitamin C. Both locally and

systemically administered vitamin C was associated with an

improved endothelial function using the same experimental

human endotoxemia model (45, 46). Moreover, it is known that

healthy subjects with mild hyperbilirubinemia have significantly

enhanced endothelium-dependent vasodilation and flow-mediated

dilation compared to subjects with normal or low bilirubin (25, 47).

Of interest, similar ameliorating effects on endothelium-dependent

vasodilation were demonstrated in type 2 diabetes patients with
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atazanavir-induced hyperbilirubinemia (34). These data indicate

that modulation of oxidative and nitrosative stress may be of clinical

relevance in different groups of patients.

The attenuation of the response to the non-endothelium-

dependent vasodilator nitroglycerin observed in our experiments

was not present in some previous studies (43, 45). By contrast, two

other studies demonstrated a similarly clear and significant

attenuation of the response to sodium nitroprusside or

nitroglycerin during experimental endotoxemia (48, 49). One

could speculate that inducible nitric oxide synthase (iNOS)-

derived nitric oxide (NO) after endotoxin administration induces

a mild tolerance to NO-donors such as nitroglycerin. Since bilirubin

is a known iNOS inhibitor (12, 32), it is tempting to speculate that

this may explain why the effect is absent in subjects treated with

atazanavir-induced hyperbilirubinemia.

The beneficial effects of elevated bilirubin levels on

inflammatory markers were demonstrated in various

inflammation models. In some studies, TNF-a secretion was

attenuated (30, 32), while no effects on cytokine concentrations

were observed in another study (11). Nevertheless, pretreatment

with bilirubin before LPS administration reduces symptoms,

attenuates iNOS release and improves survival rates in animal

models (30, 32). Of interest, an average (lifelong) concentration of

1.14 mg/dL in a human study population with Gilbert syndrome is

known to have protective effects on cardiovascular disease
B

C D

A

FIGURE 5

Forearm blood flow dose-response curves. (A) Responses to acetylcholine before (•) and 4 h after the administration of 2 ng/kg Escherichia coli LPS
(∘) to healthy subjects using placebo. (B) Responses to acetylcholine before (•) and 4 h after the administration of 2 ng/kg Escherichia coli LPS (∘) to
healthy subjects using atazanavir. (C) Responses to nitroglycerin before (•) and 4 h after the administration of 2 ng/kg Escherichia coli LPS (∘) to
healthy subjects using placebo. (D) Responses to nitroglycerin before (•) and 4 h after the administration of 2 ng/kg Escherichia coli LPS (∘) to healthy
subjects using atazanavir. Data are presented as % compared to baseline and expressed as geometric mean and 95% confidence interval.
P-values were obtained using repeated measures ANOVA on log-transformed data of the complete curve.
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compared to an average of 0.69 mg/dL in control patients (26).

These data suggest that relatively small changes in bilirubin

concentration could already elicit beneficial effects. Others have

used much higher concentrations in rodents with a single bolus that

reached peak concentrations of 6 mg/dL (30) We aimed for

bilirubin levels around 4 mg/dL based on a previous study from

our research group (34). In that study, atazanavir led to a bilirubin

concentration of 3.8 mg/dL, demonstrating beneficial effects on

endothelial function in type 2 diabetes (34). Intriguingly, an ancient

human study infusing bilirubin and bile salts from 1938 showed

that levels between 4 and 16 mg/dL attenuated inflammatory signs

and pain perception in arthritis patients (33). Again, we cannot

exclude that much lower bilirubin levels also evoke anti-

inflammatory or vascular effects in human inflammatory disorders.

Our research was intended as a proof of principle study on the

effects of bilirubin in acute inflammation. We have demonstrated

that it is feasible to increase endogenous bilirubin concentrations in

a controlled manner to investigate the effects of increased bilirubin

levels in humans. Pharmacologically-induced Gilbert syndrome’ is

currently mainly feasible for research purposes. Possible side effects

and interactions with the metabolism of other drugs make

atazanavir an unfit tool to increase bilirubin levels in patients.

Interestingly, we recently demonstrated that bilirubin itself could

also be safely infused into humans (50), which could open new

possibilities for therapeutical purposes.

In our study, endotoxemia itself induced a modest increase in

bilirubin. Several mechanisms may explain this effect. LPS

administration results in a downregulation of UGT1A1 through

nuclear factor (NF)-kB and, therefore, can slightly increase bilirubin
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(51). Additionally, TNF-a and IL-6 reduce bilirubin clearance in

the liver (52). Furthermore, induction of HO-1 that breaks down

heme to form bilirubin (most likely occurring in the tissues rather

than in circulating cells (53)) cannot be excluded.

Intriguingly, harnessing against inflammatory and oxidative

tissue injury has recently been recognized as more important than

just targeting invading pathogens (8, 54). Solely eliminating

pathogens may leave the patient at risk of dying from collateral

tissue injury (8, 54–57), like vascular and organ dysfunction.

Inducing disease tolerance by activating antioxidant and anti-

inflammatory systems may protect against these injurious tissue

insults (55). HO-activity has recently been shown to mediate disease

tolerance (58, 59), suggesting that the HO-effector molecule

bilirubin could also mediate protection. Since bilirubin shows

such potent protective effects in both acute (this study) and

chronic inflammation (34), increasing bilirubin to mediate tissue

protection warrants further exploration (50). Disease tolerance and

harnessing against pathogens-induced tissue injury and vascular

dysfunction may be mediated by mild hyperbilirubinemia or

induction of HO-activity.

One could argue that the effects found in our study were

provoked by atazanavir rather than bilirubin. Protease inhibitors

in HIV patients are known for their disadvantageous effects on lipid

profiles and their adverse effects on endothelial function (60, 61).

Both are related to the increased risk for cardiovascular disease in

HIV patients. However, a study on healthy volunteers demonstrated

that atazanavir treatment did not influence lipid profiles or

significantly impact the response to endothelium-dependent

vasodilator methacholine (61). In accordance, we demonstrated
B

C D

A

FIGURE 6

Soluble endothelial adhesion molecules in the serum. (A) Soluble Platelet (P)-selectin. (B) Soluble Endothelial (E)-selectin. (C) Soluble Vascular cell
adhesion molecule (VCAM)-1. (D) Soluble Intercellular adhesion molecule (ICAM)-1. Values obtained before and at the peak after administration of 2
ng/kg Escherichia coli LPS to healthy volunteers in the absence (grey bars) and presence (white bars) of atazanavir. In both treatment arms, LPS
induced an increase for all molecules (p<0.01). Data are presented as geometric means and a 95% confidence interval. P-values between groups
were obtained using an unpaired Student’s t-test on log-transformed data.
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that short-term treatment with atazanavir in our study does not

affect the response to acetylcholine before LPS administration (data

not shown) or lipid profiles indicating that inflammation is the

most likely cause for the vascular dysfunction in our study.

However, a direct effect of atazanavir or its metabolites on

endothelial function or inflammation after LPS cannot be entirely

excluded. Nevertheless, additional in vitro experiments

demonstrated that atazanavir does not influence the release of

TNF-a or IL-10 (in the presence or absence of LPS), making it

less likely that atazanavir itself interfered with our cytokine results.

The strength of the present study includes the fact that the

effects of atazanavir-induced hyperbilirubinemia were investigated

in a well-explored, standardized, reproducible model for

inflammation, thereby gaining insight into the impact of bilirubin

during acute systemic inflammation in vivo in humans. Naturally, it

is a proof of principle study limited by the number of subjects

participating and the preclinical model used. Future studies are

warranted to explore the effects of bilirubin in chronic and acute

human inflammatory diseases.

In conclusion, the present study is the first to demonstrate that

hyperbilirubinemia elicited by atazanavir improves the anti-oxidant

status, reduces IL-10 release, and prevents vascular hyporeactivity

during experimental endotoxemia in humans. Based on these

data, further studies utilizing possible other techniques to increase

bilirubin concentrations are warranted to investigate its

potential therapeutic applications in patients suffering from

inflammatory diseases.
Data availability statement

The original contributions presented in the study are included

in the article/supplementary materials, further inquiries can be

directed to the corresponding author/s.
Ethics statement

All study procedures were approved by the local ethical

committee and in accordance with the declaration of Helsinki.

This study was registered at www.clinicaltrials.gov under the

number NCT00916448. The patients/participants provided their

written informed consent to participate in this study.
Frontiers in Immunology 10
Author contributions

Conceptualization: MD, DD, PS, FW, PP. Investigation: MD,

DD, JZ, SH, HR. Writing-Review, and Editing: MD, DD, PS, JH,

FW, PP. All authors contributed to the article and approved the

submitted version.
Funding

MD is the recipient of a ZonMW AGIKO stipendium (No.

92003507). DD is supported by the Dutch Diabetes Research

Foundation (Project 2006.00.055). FW is supported by grants

from the Dutch Burns Foundation (No.09.110) and the Osteology

Foundation (19-054).
Acknowledgments

We thank the Intensive Care Research Unit nurses for their

indispensable help during these experiments. Furthermore, we would

like to thank Lucas van Eijk and Bart Ramakers for their support in

performing the human endotoxemia experiments. Lastly, we would

like to thank Jelle Gerretsen for determining endocan levels.
Conflict of interest

Authors DD, FW, and PS have a patent about the therapeutic

use of the anti-inflammatory and anti-oxidative potential of

atazanavir. WO/2011/037467

The remaining authors declare that the research was conducted

in the absence of any commercial or financial relationships that

could be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
References
1. World health organisation fact sheet (2019). Available at: https://www.who.int/
news-room/fact-sheets/detail/the-top-10-causes-of-death.

2. Angus DC, Linde-Zwirble WT, Lidicker J, Clermont G, Carcillo J, Pinsky MR.
Epidemiology of severe sepsis in the united states: analysis of incidence, outcome, and
associated costs of care. Crit Care Med (2001) 29(7):1303–10. doi: 10.1097/00003246-
200107000-00002

3. Hansson GK, Hermansson A. The immune system in atherosclerosis. Nat
Immunol (2011) 12(3):204–12. doi: 10.1038/ni.2001

4. Abraham E, Singer M. Mechanisms of sepsis-induced organ dysfunction. Crit
Care Med (2007) 35(10):2408–16. doi: 10.1097/01.CCM.0000282072.56245.91
5. Joffre J, Hellman J. Oxidative stress and endothelial dysfunction in sepsis and
acute inflammation. Antioxid Redox Signal (2021) 35(15):1291–307. doi: 10.1089/
ars.2021.0027

6. Wan YD, Sun TW, Kan QC, Guan FX, Zhang SG. Effect of statin therapy on
mortality from infection and sepsis: a meta-analysis of randomized and observational
studies. Crit Care (2014) 18(2):R71. doi: 10.1186/cc13828

7. Tousoulis D, Psarros C, Demosthenous M, Patel R, Antoniades C, Stefanadis C.
Innate and adaptive inflammation as a therapeutic target in vascular disease: the
emerging role of statins. J Am Coll Cardiol (2014) 63(23):2491–502. doi: 10.1016/
j.jacc.2014.01.054
frontiersin.org

http://www.clinicaltrials.gov
https://www.who.int/news-room/fact-sheets/detail/the-top-10-causes-of-death
https://www.who.int/news-room/fact-sheets/detail/the-top-10-causes-of-death
https://doi.org/10.1097/00003246-200107000-00002
https://doi.org/10.1097/00003246-200107000-00002
https://doi.org/10.1038/ni.2001
https://doi.org/10.1097/01.CCM.0000282072.56245.91
https://doi.org/10.1089/ars.2021.0027
https://doi.org/10.1089/ars.2021.0027
https://doi.org/10.1186/cc13828
https://doi.org/10.1016/j.jacc.2014.01.054
https://doi.org/10.1016/j.jacc.2014.01.054
https://doi.org/10.3389/fimmu.2023.1176775
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Dorresteijn et al. 10.3389/fimmu.2023.1176775
8. Wagener F, van de Kar N, van den Heuvel LP. Protective mechanisms harnessing
against injurious heme and preventing kidney damage in STEC-HUS: toward new
therapies? Kidney Int (2022) 101(6):1107–9. doi: 10.1016/j.kint.2022.02.026

9. Wagener FA, Scharstuhl A, Tyrrell RM, Hoff den Von JW, Jozkowicz A, Dulak J, et al.
The heme-heme oxygenase system in wound healing; implications for scar formation. Curr
Drug Targets (2010) 11(12):1571–85. doi: 10.2174/1389450111009011571

10. Stocker R. Antioxidant activities of bile pigments. Antioxid Redox Signal (2004)
6(5):841–9. doi: 10.1089/ars.2004.6.841

11. Lanone S, Bloc S, Foresti R, Almolki A, Taille C, Callebert J, et al. Bilirubin
decreases nos2 expression via inhibition of NAD(P)H oxidase: implications for
protection against endotoxic shock in rats. FASEB J (2005) 19(13):1890–2. doi:
10.1096/fj.04-2368fje

12. Idelman G, Smith DLH, Zucker SD. Bilirubin inhibits the up-regulation of
inducible nitric oxide synthase by scavenging reactive oxygen species generated by the
toll-like receptor 4-dependent activation of NADPH oxidase. Redox Biol (2015) 5:398–
408. doi: 10.1016/j.redox.2015.06.008

13. Crimi E, Sica V, Williams-Ignarro S, Zhang H, Slutsky AS, Ignarro LJ, et al. The
role of oxidative stress in adult critical care. Free Radic Biol Med (2006) 40(3):398–406.
doi: 10.1016/j.freeradbiomed.2005.10.054

14. Konior A, Schramm A, Czesnikiewicz-Guzik M, Guzik TJ. NADPH oxidases in
vascular pathology. Antioxid Redox Signal (2014) 20(17):2794–814. doi: 10.1089/
ars.2013.5607

15. Kaur H, Hughes MN, Green CJ, Naughton P, Foresti R, Motterlini R. Interaction
of bilirubin and biliverdin with reactive nitrogen species. FEBS Lett (2003) 543(1-
3):113–9. doi: 10.1016/S0014-5793(03)00420-4

16. Galley HF. Oxidative stress and mitochondrial dysfunction in sepsis. Br J
Anaesth (2011) 107(1):57–64. doi: 10.1093/bja/aer093

17. Horsfall LJ, Nazareth I, Petersen I. Cardiovascular events as a function of serum
bilirubin levels in a large, statin-treated cohort. Circulation (2012) 126(22):2556–64.
doi: 10.1161/CIRCULATIONAHA.112.114066

18. Hunt SC, et al, Kronenberg F, Eckfeldt JH, Hopkins PN, Myers RH, Heiss G.
Association of plasma bilirubin with coronary heart disease and segregation of bilirubin
as a major gene trait: the NHLBI family heart study. Atherosclerosis (2001) 154(3):747–
54. doi: 10.1016/S0021-9150(00)00420-2

19. Li RY, Cao ZG, Zhang JR, Li Y, Wang RT. Decreased serum bilirubin is
associated with silent cerebral infarction. Arterioscler Thromb Vasc Biol (2014) 34
(4):946–51. doi: 10.1161/ATVBAHA.113.303003

20. Tanaka M, Fukui M, Tomiyasu K, Akabame S, Nakano K, Hasegawa G, et al.
Low serum bilirubin concentration is associated with coronary artery calcification
(CAC). Atherosclerosis (2009) 206(1):287–91. doi: 10.1016/j.atherosclerosis.
2009.02.010

21. van Bon L, Cossu M, Scharstuhl A, Pennings BW, Vonk MC, Vreman HJ, et al.
Low heme oxygenase-1 levels in patients with systemic sclerosis are associated with an
altered toll-like receptor response: another role for CXCL4? Rheumatol (Oxford) (2016)
55(11):2066–73. doi: 10.1093/rheumatology/kew251

22. Boon AC, Hawkins CL, Bisht K, Coombes JS, Bakrania B, Wagner KH, et al.
Reduced circulating oxidized LDL is associated with hypocholesterolemia and
enhanced thiol status in Gilbert syndrome. Free Radic Biol Med (2012) 52(10):2120–
7. doi: 10.1016/j.freeradbiomed.2012.03.002

23. Vitek L, Jirsa M, Brodanova M, Kalab M, Marecek Z, Danzig V, et al. Gilbert
Syndrome and ischemic heart disease: a protective effect of elevated bilirubin levels.
Atherosclerosis (2002) 160(2):449–56. doi: 10.1016/S0021-9150(01)00601-3

24. Bulmer AC, Blanchfield JT, Toth I, Fassett RG, Coombes JS. Improved resistance
to serum oxidation in gilbert's syndrome: a mechanism for cardiovascular protection.
Atherosclerosis (2008) 199(2):390–6. doi: 10.1016/j.atherosclerosis.2007.11.022

25. Maruhashi T, Soga J, Fujimura N, Idei N, Mikami S, Iwamoto Y, et al.
Hyperbilirubinemia, augmentation of endothelial function, and decrease in oxidative
stress in Gilbert syndrome. Circulation (2012) 126(5):598–603. doi: 10.1161/
CIRCULATIONAHA.112.105775

26. Lin JP, CJ, Schwaiger JP, Cupples LA, Lingenhel A, Hunt SC, et al. Association
between the UGT1A1*28 allele, bilirubin levels, and coronary heart disease in the
framingham heart study. Circulation (2006) 114(14):1476–81. doi: 10.1161/
CIRCULATIONAHA.106.633206

27. Perlstein TS, Pande RL, Beckman JA, Creager MA. Serum total bilirubin level
and prevalent lower-extremity peripheral arterial disease: national health and nutrition
examination survey (NHANES) 1999 to 2004. Arterioscler Thromb Vasc Biol (2008) 28
(1):166–72. doi: 10.1161/ATVBAHA.107.153262

28. Stender S, Frikke-Schmidt R, Nordestgaard BG, Grande P, Tybjaerg-Hansen A.
Genetically elevated bilirubin and risk of ischaemic heart disease: three mendelian
randomization studies and a meta-analysis. J Intern Med (2013) 273(1):59–68. doi:
10.1111/j.1365-2796.2012.02576.x

29. Ekblom K, Marklund SL, Jansson JH, Osterman P, Hallmans G, Weinehall L,
et al. Plasma bilirubin and UGT1A1*28 are not protective factors against first-time
myocardial infarction in a prospective, nested case-referent setting. Circ Cardiovasc
Genet (2010) 3(4):340–7. doi: 10.1161/CIRCGENETICS.109.861773

30. Kadl A, Pontiller J, Exner M, Leitinger N. Single bolus injection of bilirubin
improves the clinical outcome in a mouse model of endotoxemia. Shock (2007) 28
(5):582–8. doi: 10.1097/shk.0b013e31804d41dd
Frontiers in Immunology 11
31. Sarady-Andrews JK, Liu F, Gallo D, Nakao A, Overhaus M, Ollinger R, et al.
Biliverdin administration protects against endotoxin-induced acute lung injury in rats.
Am J Physiol Lung Cell Mol Physiol (2005) 289(6):L1131–7. doi: 10.1152/
ajplung.00458.2004

32. Wang WW, Smith DL, Zucker SD. Bilirubin inhibits iNOS expression and NO
production in response to endotoxin in rats. Hepatology (2004) 40(2):424–33. doi:
10.1002/hep.20334

33. Thompson HE. Experimentally induced jaundice (hyperbilirubinemia). Arch
Intern Med (1938) 181:481–93. doi: 10.1001/archinte.1938.00020030111007

34. Dekker D, Dorresteijn MJ, Pijnenburg M, Heemskerk S, Rasing-Hoogveld A,
Burger DM, et al. The bilirubin-increasing drug atazanavir improves endothelial
function in patients with type 2 diabetes mellitus. Arterioscler Thromb Vasc Biol
(2011) 31(2):458–63. doi: 10.1161/ATVBAHA.110.211789

35. Bahador M, Cross AS. From therapy to experimental model: a hundred years of
endotoxin administration to human subjects. J Endotoxin Res (2007) 13(5):251–79. doi:
10.1177/0968051907085986

36. Pickkers P, Dorresteijn MJ, Bouw MP, Hoeven der van JG, Smits P. In vivo
evidence for nitric oxide-mediated calcium-activated potassium-channel activation
during human endotoxemia. Circulation (2006) 114(5):414–21. doi: 10.1161/
CIRCULATIONAHA.105.590232

37. Acosta EP, Kendall MA, Gerber JG, Alston-Smith B, Koletar SL, Zolopa AR,
et al. Effect of concomitantly administered rifampin on the pharmacokinetics and safety
of atazanavir administered twice daily. Antimicrob Agents Chemother (2007) 51
(9):3104–10. doi: 10.1128/AAC.00341-07

38. Benzie IF, Strain JJ. The ferric reducing ability of plasma (FRAP) as a measure of
"antioxidant power": the FRAP assay. Anal Biochem (1996) 239(1):70–6. doi: 10.1006/
abio.1996.0292

39. Colombo S, Guignard N, Marzolini C, Telenti A, Biollaz J, Decosterd LA.
Determination of the new HIV-protease inhibitor atazanavir by liquid chromatography
after solid-phase extraction. J Chromatogr B Analyt Technol BioMed Life Sci (2004) 810
(1):25–34. doi: 10.1016/S1570-0232(04)00580-X

40. Christ F, Bauer A, Brugger D, Niklas M, Gartside IB, Gamble J, et al. Description
and validation of a novel liquid metal-free device for venous congestion
plethysmography. J Appl Physiol (2000) 89(4):1577–83. doi: 10.1152/jappl.
2000.89.4.1577

41. Leslie SJ, Attina T, Hultsch E, Bolscher L, Grossman M, Denvir MA, et al.
Comparison of two plethysmography systems in assessment of forearm blood flow. J
Appl Physiol (2004) 96(5):1794–9. doi: 10.1152/japplphysiol.00567.2002

42. Draisma A, Dorresteijn M, and Pickkers P, Hoeven der van H. The effect of
systemic iNOS inhibition during human endotoxemia on the development of tolerance
to different TLR-stimuli. Innate Immun (2008) 14(3):153–9. doi: 10.1177/
1753425908091959

43. Pleiner J, Schaller G, Mittermayer F, Zorn S, Marsik C, Polterauer S, et al.
Simvastatin prevents vascular hyporeactivity during inflammation. Circulation (2004)
110(21):3349–54. doi: 10.1161/01.CIR.0000147774.90396.ED

44. Deanfield JE, Halcox JP, Rabelink TJ. Endothelial function and dysfunction:
testing and clinical relevance. Circulation (2007) 115(10):1285–95. doi: 10.1161/
CIRCULATIONAHA.106.652859

45. Aschauer S, Gouya G, Klickovic U, Storka A, Weisshaar S, Vollbracht C, et al.
Effect of systemic high dose vitamin c therapy on forearm blood flow reactivity during
endotoxemia in healthy human subjects. Vascul Pharmacol (2014) 61(1):25–9. doi:
10.1016/j.vph.2014.01.007

46. Pleiner J, Mittermayer F, Schaller G, MacAllister RJ, Wolzt M. High doses of
vitamin c reverse escherichia coli endotoxin-induced hyporeactivity to acetylcholine in
the human forearm. Circulation (2002) 106(12):1460–4. doi: 10.1161/
01.CIR.0000030184.70207.FF

47. Erdogan D, Gullu H, Yildirim E, Tok D, Kirbas I, Ciftci O, et al. Low serum
bilirubin levels are independently and inversely related to impaired flow-mediated
vasodilation and increased carotid intima-media thickness in both men and women.
Atherosclerosis (2006) 184(2):431–7. doi: 10.1016/j.atherosclerosis.2005.05.011

48. Ramakers BP, Riksen NP, Stal TH, Heemskerk S, Broek den van P, Peters WH,
et al. Dipyridamole augments the antiinflammatory response during human
endotoxemia. Crit Care (2011) 15(6):R289. doi: 10.1186/cc10576

49. van Eijk LT, Heemskerk S, Pluijm der van RW, Wijk van SM, Peters WH,
Hoeven der van JG, et al. The effect of iron loading and iron chelation on the innate
immune response and subclinical organ injury during human endotoxemia: a
randomized trial. Haematologica (2014) 99(3):579–87. doi: 10.3324/haematol.
2013.088047

50. Dekker D, Dorresteijn MJ, Welzen MEB, Timman S, Pickkers P, Burger DM,
et al. Parenteral bilirubin in healthy volunteers: a reintroduction in translational
research. Br J Clin Pharmacol (2018) 84(2):268–79. doi: 10.1111/bcp.13458

51. Shiu TY, Huang TY, Huang SM, Shih YL, Chu HC, Chang WK, et al. Nuclear
factor kappaB down-regulates human UDP-glucuronosyltransferase 1A1: a novel
mechanism involved in inflammation-associated hyperbilirubinaemia. Biochem J
(2013) 449(3):761–70. doi: 10.1042/BJ20121055

52. Ikeda S, Mitaka T, Harada K, Sato F, Mochizuki Y, Hirata K. Tumor necrosis
factor-alpha and interleukin-6 reduce bile canalicular contractions of rat hepatocytes.
Surgery (2003) 133(1):101–9. doi: 10.1067/msy.2003.91
frontiersin.org

https://doi.org/10.1016/j.kint.2022.02.026
https://doi.org/10.2174/1389450111009011571
https://doi.org/10.1089/ars.2004.6.841
https://doi.org/10.1096/fj.04-2368fje
https://doi.org/10.1016/j.redox.2015.06.008
https://doi.org/10.1016/j.freeradbiomed.2005.10.054
https://doi.org/10.1089/ars.2013.5607
https://doi.org/10.1089/ars.2013.5607
https://doi.org/10.1016/S0014-5793(03)00420-4
https://doi.org/10.1093/bja/aer093
https://doi.org/10.1161/CIRCULATIONAHA.112.114066
https://doi.org/10.1016/S0021-9150(00)00420-2
https://doi.org/10.1161/ATVBAHA.113.303003
https://doi.org/10.1016/j.atherosclerosis.2009.02.010
https://doi.org/10.1016/j.atherosclerosis.2009.02.010
https://doi.org/10.1093/rheumatology/kew251
https://doi.org/10.1016/j.freeradbiomed.2012.03.002
https://doi.org/10.1016/S0021-9150(01)00601-3
https://doi.org/10.1016/j.atherosclerosis.2007.11.022
https://doi.org/10.1161/CIRCULATIONAHA.112.105775
https://doi.org/10.1161/CIRCULATIONAHA.112.105775
https://doi.org/10.1161/CIRCULATIONAHA.106.633206
https://doi.org/10.1161/CIRCULATIONAHA.106.633206
https://doi.org/10.1161/ATVBAHA.107.153262
https://doi.org/10.1111/j.1365-2796.2012.02576.x
https://doi.org/10.1161/CIRCGENETICS.109.861773
https://doi.org/10.1097/shk.0b013e31804d41dd
https://doi.org/10.1152/ajplung.00458.2004
https://doi.org/10.1152/ajplung.00458.2004
https://doi.org/10.1002/hep.20334
https://doi.org/10.1001/archinte.1938.00020030111007
https://doi.org/10.1161/ATVBAHA.110.211789
https://doi.org/10.1177/0968051907085986
https://doi.org/10.1161/CIRCULATIONAHA.105.590232
https://doi.org/10.1161/CIRCULATIONAHA.105.590232
https://doi.org/10.1128/AAC.00341-07
https://doi.org/10.1006/abio.1996.0292
https://doi.org/10.1006/abio.1996.0292
https://doi.org/10.1016/S1570-0232(04)00580-X
https://doi.org/10.1152/jappl.2000.89.4.1577
https://doi.org/10.1152/jappl.2000.89.4.1577
https://doi.org/10.1152/japplphysiol.00567.2002
https://doi.org/10.1177/1753425908091959
https://doi.org/10.1177/1753425908091959
https://doi.org/10.1161/01.CIR.0000147774.90396.ED
https://doi.org/10.1161/CIRCULATIONAHA.106.652859
https://doi.org/10.1161/CIRCULATIONAHA.106.652859
https://doi.org/10.1016/j.vph.2014.01.007
https://doi.org/10.1161/01.CIR.0000030184.70207.FF
https://doi.org/10.1161/01.CIR.0000030184.70207.FF
https://doi.org/10.1016/j.atherosclerosis.2005.05.011
https://doi.org/10.1186/cc10576
https://doi.org/10.3324/haematol.2013.088047
https://doi.org/10.3324/haematol.2013.088047
https://doi.org/10.1111/bcp.13458
https://doi.org/10.1042/BJ20121055
https://doi.org/10.1067/msy.2003.91
https://doi.org/10.3389/fimmu.2023.1176775
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Dorresteijn et al. 10.3389/fimmu.2023.1176775
53. Dorresteijn MJ, Paine A, Zilian E, Fenten MG, Frenzel E, Janciauskiene S, et al.
Cell-type-specific downregulation of heme oxygenase-1 by lipopolysaccharide via
Bach1 in primary human mononuclear cells. Free Radic Biol Med (2015) 78:224–32.
doi: 10.1016/j.freeradbiomed.2014.10.579

54. Wagener F, Pickkers P, Peterson SJ, Immenschuh S, Abraham NG. Targeting the
heme-heme oxygenase system to prevent severe complications following COVID-19
infections. Antioxidants (Basel) (2020) 9(6):540. doi: 10.3390/antiox9060540

55. Martins R, Carlos AR, Braza F, Thompson JA, Bastos-Amador P, Ramos S, et al.
Disease tolerance as an inherent component of immunity. Annu Rev Immunol (2019)
37:405–37. doi: 10.1146/annurev-immunol-042718-041739

56. Medzhitov R, Schneider DS, Soares MP. Disease tolerance as a defense strategy.
Science (2012) 335(6071):936–41. doi: 10.1126/science.1214935

57. Schneider DS. Tracing personalized health curves during infections. PloS Biol
(2011) 9(9):e1001158. doi: 10.1371/journal.pbio.1001158
Frontiers in Immunology 12
58. DeSouza-Vieira T, Iniguez E, SerafimTD, Castro W, Karmakar S, Disotuar MM,
et al. Heme oxygenase-1 induction by blood-feeding arthropods controls skin
inflammation and promotes disease tolerance. Cell Rep (2020) 33(4):108317. doi:
10.1016/j.celrep.2020.108317

59. Soares MP, Ribeiro AM. Nrf2 as a master regulator of tissue damage control and
disease tolerance to infection. Biochem Soc Trans (2015) 43(4):663–8. doi: 10.1042/
BST20150054

60. Bergersen BM. Cardiovascular risk in patients with HIV infection: impact of
antiretroviral therapy. Drugs (2006) 66(15):1971–87. doi: 10.2165/00003495-
200666150-00006

61. Dube MP, Shen C, Greenwald M, Mather KJ. No impairment of endothelial
function or insulin sensitivity with 4 weeks of the HIV protease inhibitors atazanavir or
lopinavir-ritonavir in healthy subjects without HIV infection: a placebo-controlled
trial. Clin Infect Dis (2008) 47(4):567–74. doi: 10.1086/590154
frontiersin.org

https://doi.org/10.1016/j.freeradbiomed.2014.10.579
https://doi.org/10.3390/antiox9060540
https://doi.org/10.1146/annurev-immunol-042718-041739
https://doi.org/10.1126/science.1214935
https://doi.org/10.1371/journal.pbio.1001158
https://doi.org/10.1016/j.celrep.2020.108317
https://doi.org/10.1042/BST20150054
https://doi.org/10.1042/BST20150054
https://doi.org/10.2165/00003495-200666150-00006
https://doi.org/10.2165/00003495-200666150-00006
https://doi.org/10.1086/590154
https://doi.org/10.3389/fimmu.2023.1176775
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Atazanavir-induced unconjugated hyperbilirubinemia prevents vascular hyporeactivity during experimental human endotoxemia
	Introduction
	Materials and methods
	Subjects
	Study design
	Laboratory tests
	In vitro LPS stimulation
	Forearm blood flow measurements
	Data analysis and statistics

	Results
	Demographic data and safety
	Bilirubin and anti-oxidant capacity
	Inflammatory effects in vivo and in vitro
	Effects on systemic hemodynamic response
	Effects on endothelial dysfunction and activation

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




