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Abstract 

Purpose  The landiolol and organ failure in patients with septic shock (STRESS-L study) included a pre-planned sub-
study to assess the effect of landiolol treatment on inflammatory and metabolomic markers.

Methods  Samples collected from 91 patients randomised to STRESS-L were profiled for immune and metabolomic 
markers. A panel of pro- and anti-inflammatory cytokines were measured through commercially acquired multiplex 
Luminex assays and statistically analysed by individual and cluster-level analysis (patient). Metabolite fingerprinting 
was carried out by flow infusion electrospray ionisation high-resolution mass spectrometry and metabolomic data 
were analysed using the R-based platform MetaboAnalyst. The metabolites were identified using DIMEdb (dimedb.
ibers.aber.ac.uk) from their mass/charge ratios. These metabolomic data were also re-analysed using individual 
and cluster-level analysis. The individual-level models were adjusted for confounders, such as age, sex, noradrenaline 
dosage and patient (random effect).

Results  Analysis was undertaken at cluster- and individual-level. There were no significant differences in cytokine 
concentration level between trial arms nor survivors and non-survivors over the duration of the observations from day 
1 to day 4. Metabolomic analysis showed some separation in the levels of ceramides and cardiolipins between those 
who survived and those who died. Following adjusted analysis for confounders, plasma metabolite concentrations 
remained statistically different between landiolol and standard care arms for succinic acid, l-tryptophan, l-alanine, 
2,2,2-trichloroethanol, lactic acid and d-glucose.

Conclusions  In a study of ICU patients with established septic shock and a tachycardia, landiolol treatment used 
to reduce the heart rate from above 95 to a range between 80 and 94 beats per minute did not induce significant 
cytokine changes. d-Glucose, lactic acid, succinic acid, l-alanine, l-tryptophan and trichloroethanol were pathways 
that may merit further investigation.
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Introduction
The search for interventions that can modulate the dys-
regulated response in sepsis have been underway for 
more than 30 years. The report of a greatly reduced mor-
tality with the use of esmolol [1] raised the possibility 
that beta-blockade could modulate the immune system 
during septic shock.

Although the mainstay of blood pressure management 
in patients with septic shock is noradrenaline, there is a 
growing narrative suggesting harm from its administra-
tion and sympathetic activation during septic shock has 
been reported in both animal models [2–6] and patients 
[7, 8]. However, the recent STRESS-L study [9], which 
compared the addition of landiolol (AOP Health, Vienna, 
Austria) to standard care in patients with established sep-
tic shock, found no difference in organ support in the 14 
days following randomisation. STRESS-L was terminated 
at 37% of full recruitment because of concerns of harm 
which included increased lactate, increased noradrena-
line use and increased mortality in the landiolol group.

Landiolol was selected as the intervention as it is highly 
specific for the β1-receptor—some 200 times greater 
compared with esmolol [10, 11]. Changes in beta-recep-
tor density with catecholamine stimulation [12, 13] mean 
that relative effects of β1- or β2-blockade is not predict-
able. Whilst short-term (< 24 h) animal models have sug-
gested that the immune response may be attenuated by 
β2-blockade (reviewed [14]), this may not be the case 
once sepsis has become established for longer than 24 h. 
Immune modulation by beta-blockade has been reported 
in septic rats in a 5-day model using the antagonism of 
the β1-receptor with metoprolol [5] reduced pro-inflam-
matory cytokines and prolonged survival times. Whilst 
esmolol improved survival at 120 h in a mouse model 
of sepsis [15] which the authors explained by activation 
of immune response and cell repair pathways through 
NFKB and BRCA1 genes. Landiolol has been shown to 
decreased circulating cytokines, TNF-alpha, IL-6, and 
high mobility group box (HMGB)−1 and reduced histo-
logical lung damage in a rat endotoxin model [6]. Fur-
thermore, it was shown to be cardio-protective in septic 
rats by normalising the expression of cardiac vasoactive 
peptide endothelin-1 [16].

STRESS-L recruited patients who had been exposed 
to high doses of noradrenaline for at least 24 h and were 
tachycardic and planned [17] to perform exploratory 

investigations to characterise differences in plasma 
cytokine concentrations and metabolomics associated 
with landiolol treatment. To our knowledge, there have 
been no randomised studies in humans reporting these 
changes associated with septic shock and treatment with 
beta-blockade.

Methods
The protocol for STRESS-L has been previously pub-
lished [17] and was approved by the East of England, 
Essex Research Ethics Committee (Reference, 17/
EE/0368). Patients with septic shock, treated with 
noradrenaline for more than 24 h and, at randomisation, 
a tachycardia of 95 beats per minute (bpm) or more, and 
treated with a noradrenaline dose of 0.1 mcg/kg/min or 
more, were randomised on a 1:1 ratio to receive standard 
care or standard care plus a landiolol infusion between 1 
and 40 mcg/kg/min to control the heart rate between 80 
and 94 bpm.

Patient cohorts and interventions
Blood samples were collected on days 0, 1, 2, 4 and end 
of noradrenaline therapy (EoNT). Day 0 samples were 
obtained pre-infusion of landiolol in those randomised 
to the interventional arm. EoNT was defined as the time-
point 12 h after the noradrenaline infusion was stopped. 
Once this point had been reached, no further bloods 
were drawn even if EoNT was before Day 4 or Day 6. 
Sampling stopped once the patient had died or been dis-
charged from ICU.

At study sites, whole blood vacutainers containing 
EDTA were centrifuged at room temperature for 10 min 
at 1500×g. The plasma layer was removed and transferred 
to cryovials in 500 μL aliquots. Plasma samples were then 
initially stored at – 20 ⁰C (for example where the sample 
was taken on a weekend) and moved as soon as possi-
ble to long-term storage at − 80 ⁰C. Samples were batch 
transferred to central laboratories for analysis where the 
analyst was blinded to the treatment allocation.

Although all samples were analysed, only results from 
the first 96 h following randomisation are reported as 
the sample numbers beyond this were small and patients 
who remained on noradrenaline were often being treated 
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for secondary nosocomial infection and had secondary 
changes in cytokines.

Cytokine measurements
Plasma cytokine concentrations (interferon-gamma 
(IFNγ), interleukin (IL)−2, IL-4, IL-5, IL-6, IL-8, IL-10, 
IL-12 p70, IL-17, interleukin-1 receptor antagonist 
(IL-1Ra) and tumour necrosis factor-alpha (TNF-α) 
cytokines) were measured using a commercial Luminex 
Discovery Assay kit according to manufacturer’s instruc-
tions (#LXSAHM-12; Bio-techne, UK). Analysis was 
completed using Bio-Plex Manager (v2.1).

Metabolite fingerprinting by flow infusion electrospray 
ionisation high‑resolution mass spectrometry (FIE‑HRMS)
Plasma samples in 2-mL microcentrifuge tubes were cen-
trifuged at 22,000×g at 4 °C for 10 min. Then 100 µL of 
the supernatant was transferred into mass spectrometry 
vials along with 100 µL methanol/water [70/30 v/v]. For 
each sample, 20 µL was injected into 70% water/ 30% 
methanol at a flow of 60 µL per minute, using a Surveyor 
flow system into a Q Exactive plus mass analyser instru-
ment with a UHPLC system (Thermo Fisher Scientific©, 
Bremen, Germany). Data acquisition for each sample 
was in alternating the positive and negative ionisation 
modes, throughout four mass/charge ratios (m/z) ranges 
(15–110 m/z, 100–220 m/z, 210–510 m/z, 500–1200 
m/z) with an acquisition time of 2 min. The peaks data 
were filtered based on relative standard deviation (RSD) 
of 0.5 to derive m/z bins. The m/z data were further nor-
malised based on total ion count (TIC) using the R pack-
age metabolyseR v0.14.10 (Finch, 2022 metabolyseR: 
Methods for Pre-Treatment, Data Mining and Correla-
tion Analyses of Metabolomics Data. https://​github.​com/​
jasen​finch/​metab​olyseR).

Metabolomic data were analysed using R-based web 
platform MetaboAnalyst 4. Data were subjected to inter-
quartile range-based filtering, log10 transformations and 
Pareto scaling. Chemometric analyses (principal compo-
nent analysis (PCA), partial least squares-discriminant 
analyses (PLS-DA)), ANOVA and variables of impor-
tance for the projection (VIP) scores (> 1) were con-
ducted. Major sources of variation were displayed using 
unsupervised hierarchical clustering analysis (HCA). 
Area under the curve (AUC) assessments based on sen-
sitivity and specificity estimates were used to suggest 
the accuracy of the targeted m/z as potential markers of 
pathways through which landiolol may be exerting an 
effect. Targeted m/z were related to discrete metabolites 
based on accurate mass (± 5 ppm) using the DIMEdb 
database (https://​dimedb.​ibers.​aber.​ac.​uk/) considering 
their ionised masses, molecular formulae. All isotopes/

adducts were considered in deriving the identifications. 
Correlation analyses between identified metabolites and 
cytokines were based on Pearson’s coefficients.

Statistical analysis of cytokine data
Skewed data underwent logarithmic conversion prior to 
analysis and were reconverted for reporting. Following 
analysis, samples which were below the limit of detec-
tion were not included in further analyses. The data were 
analysed using both cluster-level analysis and individual-
level analysis methods. In cluster-level analysis, the mean 
of each cytokine variable for each participant over the 
timepoints (days 0, 1, 2, 4) was calculated and then the 
mean of means for each variable was compared between 
the arms using a standard t-test. In individual-level anal-
ysis, linear mixed-effects models were fitted for each 
variable to estimate the treatment difference, 95% CI, and 
p-value. The models were adjusted for age, sex and base-
line noradrenaline, and patient ID (random effect).

Where cytokine data were analysed integrated with 
metabolomic data, no specific data modelling was 
applied (i.e., models were not adjusted for age, sex, base-
line noradrenaline levels, and with no random effect), 
and was processed through MetaboAnalyst. Data were 
subjected to interquartile range-based filtering, log10 
transformations and Pareto scaling.

Results
Samples were obtained from 91 patients (43 treated 
with landiolol and 48 standard care). The mean age was 
55.31 ± 16.7 [years, mean ± SD] (55.1 ± 14.9 landiolol; 
55.4 ± 18.4 standard care). 55 of the 91 patients (60%) 
were men (27 (63%) landiolol; 28 (58%) standard care). 
The median noradrenaline dose at randomisation was 
0.27 (0.19–0.45) [mcg/kg/min, median (interquartile 
range, IQR)] (0.25 (0.17–0.44) landiolol; 0.30 (0.21–0.45) 
standard care. The mean heart rate at randomisation was 
110.3 ± 11.7 [bpm, mean ± SD] (109.5 ± 10.5 landiolol arm; 
111.0 ± 12.7 standard arm).

60 patients (65%) were treated with steroids (27 (63%) 
landiolol; 33 (69%) standard care). 13 patients received 
additional beta-agonists (adrenaline or dobutamine) (8 
(19%) landiolol; 5 (10%). Table 1 summarises the values of 
cytokine concentrations at randomisation. There were no 
statistical differences between study arms.

Cytokine assessment of landiolol on the STRESS‑L 
population
The changes in cytokine concentrations over time and 
between groups are summarised in Table  1 and Fig.  1. 
There were no significant differences between groups for 
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any cytokine with either cluster-level or individual-level 
analysis with time. Similarly, there were no significant 
differences between groups and those who went on to 
survive compared with those who died.

Metabolomic assessment of landiolol on the STRESS‑L 
population
PLS-DA assessments considered the data based on treat-
ment allocation (Fig.  2a) and 28-day patient mortality 
data (Fig. 2b). Separation of landiolol (LAN) from stand-
ard (STAN) group led to the derived model which was 
tested using leave-one-out cross-validation (LOOVC) 
to indicate the derived PLS-DA has predictive power 
(Q2 = 0.51). Considering the data stratification based on 
mortality data, the samples from the DES class showed 
some evidence of clustering away from the ALV class 
(Q2 = 0.47) (Fig. 2b) suggesting that samples had detecta-
ble differences even if there were few differences between 
LAN and STAN.

The major sources of variation PLS-DA analysis by 
study arm were assessed and significant differences were 
identified in the LAN versus STAN comparison (Sup-
plementary Table). These suggested changes in ceramide 
(Cer), cardiolipid (CL) and phosphatidylethanolamine 
(PE) lipid classes. Groups were also compared by mortal-
ity (ALV—alive; DES—dead), more significant differences 
were observed if all four classifications (LAN, STAN, 
ALV, DES) were considered together and the major 
sources of variation identified (Table 2).

The metabolomic analysis was initially performed with-
out taking into consideration baseline metabolite con-
centrations, sex, noradrenaline dosage and site effect, 
and as observed during the cytokine analysis, statistical 

significance was reached in our dataset at global levels 
and often between groups, but not necessarily at indi-
vidual timepoints. Here also, further cluster-level analy-
sis and individual-level analysis were applied using a 
mixed-effect model. Adjusted for the same conditions 
as the cytokine analysis, 5 metabolites were significantly 
different between the trial arms by t-test: d-glucose 
(p = 0.040), lactic acid (p = 0.040), l-alanine (p = 0.037), 
l-tryptophan (p = 0.045) and succinic acid (p = 0.023). 
For adjusted analysis, here 6 significant metabolites 
were noted, 5 remaining from the previous analysis 
(d-glucose [p = 0.034], lactic acid [p = 0.034], succinic 
acid [p = 0.032], l-alanine [p = 0.032] and L-tryptophan 
[p = 0.035]) and a new significant metabolite, trichloro-
ethanol (p = 0.044). Over representation analysis was con-
ducted on these 6 metabolites, which still demonstrate 
glucose-alanine pathway and Warburg effect enrichment. 
Results also showed a trend towards significance for 
CMP-2-aminoethylphosphonate (p = 0.053) and onward 
trend for ketoleucine (p = 0.075). Statistically significant 
metabolites are presented in Fig. 3 and Table 2.

Discussion
STRESS-L was a study of ICU patients with established 
septic shock and a tachycardia, landiolol treatment used 
to reduce the heart rate from above 95 to a range between 
80 and 94 beats per minute did not induce significant 
changes in cytokine or metabolite levels. Although we 
report separation of markers between patients who died 
compared with those who survived, we found no system-
atic separation by treatment allocation. It would appear 
that there were no systemic cytokine pathways that were 
changed by beta1-blockade with landiolol and so we 

Table 1  The treatment effect (95% CI) and p-values using cluster-level and individual-level analyses

Variable Cluster-level analysis Individual-level analysis

Standard arm Landiolol arm p-value p-value Adjusted analysis

N = 48 N = 43 (t-test) (non-para)

Mean (SD) Mean (SD) Estimate SE LL UL p-value

(95% Cl) (95% Cl)

IL-2 25.2 (85.8) 8.6 (15.1) 0.215 0.701 − 15.7 13.4 − 42 10.6 0.241

IL-8 284.3 (688.2) 319.7 (687.7) 0.807 0.949 27.1 129.9 − 227.6 281.7 0.835

IL-12 281.2 (987.8) 73.3 (150) 0.176 0.59 − 195.5 154.8 − 498.9 107.8 0.206

TNF-α 28.7 (78.5) 22.9 (54.4) 0.685 0.352 − 6.1 14.2 − 33.9 21.6 0.665

IL-1Ra 4186.7 (5460.5) 65,754.1 (383,963.4) 0.269 0.049 52,387.2 45,943.8 − 37,661 142,435 0.254

IL-4 39.2 (51.3) 34.5 (36.5) 0.615 0.849 − 4.7 9.4 − 23.1 13.7 0.617

IL-6 676.1 (1803) 2056.3 (9373.5) 0.32 0.668 1006 1009.3 − 972.1 2984.1 0.319

IL-10 26 (46.7) 88.7 (273.1) 0.121 0.633 58.5 43.8 − 27.4 144.4 0.182

IL-17 12.8 (27.8) 9.0 (28) 0.51 0.731 − 4.3 5.3 − 14.6 6 0.411
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conclude that the findings of STRESS-L were not due to 
generalised immunomodulation.

The variability of cytokine response between patients is 
high. A recent analysis of samples and clinical data from 
two septic shock studies (LeoPARDS [18] and VANISH 
[19]) and the UK Genomic Advances in Sepsis (GAinS) 
[20], reported clustering related to severity, but not treat-
ment response [21]. Recent identification of molecular 
phenotypes [22] using latent class analysis may offer an 
alternative way to identify treatment effects with these 
data, as may further stratification of the cohort assessing 
severity by cytokine level rather than noradrenaline dose.

As samples were collected and frozen for central 
analysis, it was not possible to measure the effect of 
beta-blockade on immune cellular function. Signalling 
through beta2-receptors suppresses pro-inflammatory 
cytokine secretion from both macrophages and dendritic 
cells in response to lipopolysaccharide [23, 24]. IL-10 may 
be induced [25, 26] and acts as an autocrine hormone 
to block TNF-alpha and other inflammatory cytokines 
[26]. Whilst pre-clinical data suggested that antagonism 
of beta1 pathways may preferentially expose more beta2 
effects, this was not demonstrated by this study or the 
clinical study [9]. A better understanding of the changes 

Fig. 1  Box and whisker plots of cytokines concentrations between patients assigned by treatment. All cytokine concentrations expressed 
as pg mL−1. The p-values inserted into the plots are from the individual-level adjusted analysis to test if the treatment effects are significantly 
different from zero
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in differential beta-receptor densities and the size of the 
effect when these receptors are agonised by noradrena-
line in the clinical setting, is needed.

Metabolic pathways were affected by beta1-blockade 
but more patients were treated with adrenaline or dob-
utamine in the landiolol group and these treatments 
could account for increases in lactate, pyruvate and 

Fig. 2  Partial least square discriminant analysis (PLS-DA) of plasma metabolomes from patients assigned by treatment allocation (A) or 28-day 
patient mortality data (B). LAN landiolol, STAN standard care, ALV alive, DES deceased

Fig. 3  Box and whisker plots of statistically significant metabolites as denoted from individual and cluster-level analysis. The p-values inserted 
into the plots are from the individual-level adjusted analysis to test if the treatment effects are significantly different from zero
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Warburg effect metabolites. STRESS-L was stopped in 
part because of increased lactate concentrations and this 
was confirmed on metabolomic screening. The increased 
D-glucose concentrations are a known side effect of 
beta-blockade.

Changes in ceramide (Cer), cardiolipid (CL) and phos-
phatidylethanolamine (PE) lipid classes may reflect 
mitochondrial dysfunction. Energetic failure through 
mitochondrial dysfunction has been proposed as a 
driver of organ failure in sepsis [27]. Cer and CL have 
been found to regulate autophagy [28] and differences 

between landiolol treated patients and standard care as 
well as between those who died and survived may reflect 
possible areas of future research. Furthermore changes 
in L-alanine, L-tryptophan and succinic acid may merit 
further investigation, however it is also likely that, given 
the high number of comparisons and the lack of changes 
in co-existing pathways, these results may have occurred 
by chance.

This study only compared cytokines and metabolites in 
plasma at the time of infusion and over the 4 days follow-
ing randomisation. It would appear that landiolol did not, 
on the number of patients studied, influence any immedi-
ate cytokine or metabolic changes. This calls into ques-
tion whether there is any short-term mechanism through 
which landiolol treatment of patients treated with 
noradrenaline and a tachycardia may act. Furthermore, it 
is unknown whether there are intra-cellular changes that 
have been set in motion but undetectable in plasma. This 
study does not address whether there may be longer-
term effects that have been unmeasured.

Limitations
There were several limitations to our study. First, our 
findings could have been different had the landiolol 
administration been started at a different timepoint or at 
a different dose of noradrenaline. Second, it is not pos-
sible to infer whether these findings are a class effect, 
applicable to all beta-blocking drugs or due to the high 
specificity for the β1-receptor of landiolol. Third, by stop-
ping prematurely for suspected harm, the trial may not 
have sufficient power to describe clinically significant 
pathways. Fourth, the mortality was measured at 28 days 
and it may be that the cytokines and metabolites meas-
ured on the first four days following randomisation were 
too far removed from the 28-day outcome to offer mean-
ingful interpretation. Fifth, this paper does not investi-
gate possible intra-cellular mechanisms not detected in 
plasma.

Conclusions
In a study of ICU patients with established septic shock 
and a tachycardia, landiolol treatment used to reduce 
the heart rate from above 95 to a range between 80 and 
94 beats per minute did not induce significant cytokine 
or metabolomic changes. As STRESS-L was terminated 
before its full recruitment, the study may be underpow-
ered to identify significant pathway differences.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s40635-​024-​00708-6.
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Table 2  Significant changes in metabolites distinguishing 
patients assigned by treatment allocation or 28-day patient 
mortality data

Those highlighted in bold remained significant following either individual-level 
or cluster-level analysis. Post hoc analysis for the metabolites can be found in the 
supplementary information

Name f.value p.value − LOG10(p) FDR

Succinic acid 9.966  < 0.001 5.600  < 0.001
Ketoleucine 9.584  < 0.001 5.377  < 0.001

l-Tryptophan 8.596  < 0.001 4.799  < 0.001
l-Alanine 8.585  < 0.001 4.793  < 0.001
2,2,2-Trichloroethanol 8.190  < 0.001 4.561  < 0.001
All-trans-decaprenyl diphos-
phate

8.114  < 0.001 4.517  < 0.001

Lactic acid 7.593  < 0.001 4.211  < 0.001
Estrone sulfate 7.500  < 0.001 4.156  < 0.001

Cortisol 6.702  < 0.001 3.686  < 0.001

Normetanephrine 6.614  < 0.001 3.634  < 0.001

d-Glucose 6.612  < 0.001 3.633  < 0.001
Tetrahydrocortisone 6.027  < 0.001 3.288 0.001

N-Acetyl-d-glucosamine 5.908  < 0.001 3.218 0.001

l-Tyrosine 5.310 0.001 2.865 0.003

Alpha-ketoisovaleric acid 5.256 0.001 2.834 0.003

Dihomo-gamma-linolenic 
acid

5.131 0.002 2.760 0.003

Stearidonoyl CoA 5.094 0.002 2.738 0.003

CMP-2-aminoethylphos-
phonate

5.001 0.002 2.684 0.004

Phenylacetic acid 4.890 0.002 2.618 0.004

Pyruvic acid 4.873 0.002 2.608 0.004

Stearic acid 4.762 0.003 2.543 0.004

Sucrose 4.626 0.003 2.463 0.005

Cholesterol sulfate 4.591 0.004 2.442 0.005

Dehydroepiandrosterone 
sulfate

4.469 0.004 2.370 0.006

Glycocholic acid 4.344 0.005 2.297 0.006

Formic acid 4.203 0.006 2.215 0.007

Didemethylcitalopram 3.966 0.008 2.076 0.010

Arachidonic acid 3.896 0.009 2.035 0.010

3-Hydroxybutyric acid 3.843 0.010 2.004 0.011

Caprylic acid 3.714 0.012 1.929 0.012

Prostaglandin E2 3.587 0.014 1.854 0.014

https://doi.org/10.1186/s40635-024-00708-6
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Take Home Message
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plasma isolated in the first four days following randomisation. STRESS-L was a 
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