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Background: Fluid regimens in acute respiratory distress syndrome (ARDS) are
conflicting. The amount of fluid and positive end-expiratory pressure (PEEP)
level may interact leading to ventilator-induced lung injury (VILI). We therefore
evaluated restrictive and liberal fluid strategies associated with low and high
PEEP levels with regard to lung and kidney damage, as well as cardiorespiratory
function in endotoxin-induced ARDS.

Methods: Thirty male Wistar rats received an intratracheal instillation of
Escherichia coli lipopolysaccharide. After 24h, the animals were
anesthetized, protectively ventilated (V+ = 6ml/kg), and randomized to
restrictive (5 ml/kg/h) or liberal (40 ml/kg/h) fluid strategies (Ringer lactate).
Both groups were then ventilated with PEEP = 3 cmH,O (PEEP3) and PEEP =
9 cmH,0 (PEEP9) for 1 h (n = 6/group). Echocardiography, arterial blood gases,
and lung mechanics were evaluated throughout the experiments. Histologic
analyses were done on the lungs, and molecular biology was assessed in lungs
and kidneys using six non-ventilated animals with no fluid therapy.

Results: In lungs, the liberal group showed increased transpulmonary plateau
pressure compared with the restrictive group (liberal, 23.5 + 2.9 cmH,0O;
restrictive, 18.8 + 2.3cmH,0, p = 0.046) under PEEP = 9 cmH,0O. Gene
expression associated with inflammation (interleukin [IL]-6) was higher in the
liberal-PEEP9 group than the liberal-PEEP3 group (p = 0.006) and restrictive-
PEEP9 (p = 0.012), Regardless of the fluid strategy, lung mechanical power and
the heterogeneity index were higher, whereas birefringence for claudin-4 and
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zonula-ocludens-1 gene expression were lower in the PEEP9 groups.
Perivascular edema was higher in liberal groups, regardless of PEEP levels.
Markers related to damage to epithelial cells [club cell secreted protein (CC16)]
and the extracellular matrix (syndecan) were higher in the liberal-PEEP9 group
than the liberal-PEEP3 group (p = 0.010 and p = 0.024, respectively). In kidneys,
the expression of IL-6 and neutrophil gelatinase-associated lipocalin was higher
in PEEPY groups, regardless of the fluid strategy. For the liberal strategy, PEEP =
9 cmH,O compared with PEEP = 3 cmH,O reduced the right ventricle systolic
volume (37%) and inferior vena cava collapsibility index (45%).

Conclusion: The combination of a liberal fluid strategy and high PEEP led to
more lung damage. The application of high PEEP, regardless of the fluid
strategy, may also be deleterious to kidneys.

KEYWORDS

acute respiratory distress syndrome, positive end-expiratory pressure, mechanical
power, ventilator-induced lung injury, immunohistochemistry

Background

On admission to the intensive care unit (ICU), adequate
administration of fluid and management of ventilatory
parameters are important strategies applied to patients with
acute respiratory distress syndrome (ARDS) (Griffiths et al.,
2019). The reduction in mortality rate (36%) over a period of
17 years has been attributed to individualized fluid
management during the first 7days and protective
mechanical ventilation, including the application of
moderate to high positive end-expiratory pressure (PEEP)
levels (Zhang et al., 2019). On admission to the ICU, a liberal
fluid intake (~30 ml/kg) is often used in septic shock, which
may lead to a positive cumulative fluid balance (Peake et al.,
2014; Yealy et al.,, 2014; Mouncey et al., 2015; Zhang et al,,
2019) that may increase the risk of ventilator-induced lung
injury (VILI) (Hotchkiss et al., 2000). However, a recent
randomized clinical trial (RCT) showed no significant
differences in 90-days mortality or serious adverse events
among patients with septic shock who received restricted or
standard fluid therapy in the ICU (Meyhoff et al., 2022). In
addition to fluid management, PEEP can be set at moderate to
high levels to promote alveolar recruitment/stabilization and
improve functional residual capacity (Mauri, 2021), but this
may increase static strain (Marini et al., 2020). As a result of
this higher strain, ventilating stress may cross a threshold into
a range that could damage highly jeopardized regions of the
lung micro-architecture (Collino et al., 2019; Marini et al,,
2020), leading to VILI. The biological effects of the
combination of fluid strategy (restrictive or liberal) and low
or high PEEP levels on lungs and kidneys require further
elucidation. We hypothesized that, in the presence of a liberal
fluid strategy, high PEEP would promote further lung damage
in experimental ARDS. For this purpose, we evaluated the
effects of liberal and restrictive fluid strategies associated with
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high and low PEEP levels on lung and kidney damage, as well
as on cardiorespiratory function in a mild endotoxin induced
ARDS model.

Methods
Study approval

This study was approved by the Animal Care and Use
Committee of the Health Sciences Center, Federal University
of Rio de Janeiro, Rio de Janeiro, Brazil (number 101/18). All
animals received humane care in compliance with the Principles
of Laboratory Animal Care formulated by the National Society
for Medical Research and the U.S. National Academy of Sciences
Guide for the Care and Use of Laboratory Animals. Conventional
animals were housed at a controlled temperature (23°C) and in a
controlled light-dark cycle (12-12 h), with free access to water
and food. The study followed the Animal Research: Reporting of
In Vivo Experiments (ARRIVE) guidelines for reporting of
animal research (Percie du Sert et al., 2020).

Animal preparation and experimental
protocol

Beginning at 8:00 AM, 30 male Wistar rats (age 8-10 weeks,
body weight 0.335 + 0.031kg) were used consecutively
(Figure 1A). Rats were anesthetized by inhalation of 1.0%
sevoflurane during spontaneous breathing (Sevorane; Cristdlia,
Itapira, SP, Brazil) and received 9.6x10° EU/mL Escherichia coli
lipopolysaccharide ~ (Merck Millipore, Burlington, MA,
United States) diluted in 200puL of saline solution
intratracheally (i.t.) to induce experimental acute respiratory
distress syndrome (ARDS) (Fernandes et al., 2022). After full
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FIGURE 1

(A) Experimental design. The restrictive and liberal fluid strategies were set at 5 ml/kg/h and 40 ml/kg/h, respectively. n = 6 animals/group. (B)
Temporal evolution. BGA, blood gas analysis; Echo, echocardiography; FiO,, inspired fraction of oxygen; LPS, Escherichia coli lipopolysaccharide;
PEEP, positive end-expiratory pressure; VCV, volume-controlled ventilation; V+, tidal volume; ZEEP, zero end-expiratory pressure.

recovery from anesthesia and a 24-h observation period, in the
early morning (around 8:00 AM), animals were premedicated
intraperitoneally (i.p.) with 10 mg/kg diazepam (Compaz;
Cristélia), (Ketamin-S;
Cristalia) (Dormicum;
Quimica, Sio Paulo, SP, Brazil). After administration of local

followed by 100 mg/kg ketamine
and 2 mg/kg midazolam Uniéo
anesthesia with 2% lidocaine (0.4 ml), a midline neck incision
and tracheostomy were performed. An intravenous (i.v.) catheter
(Jelco 24G; Becton, Dickinson, Franklin Lakes, NJ, United States)
was inserted into the tail vein, and anesthesia was induced and
maintained with midazolam (2 mg/kg/h) and ketamine
(50 mg/kg/h). A second catheter (18G; Arrow International,
Cleveland, OH, United States) was then placed in the right
internal carotid artery for blood sampling and gas analysis
(ABL80 FLEX; Radiometer, Copenhagen, Denmark) and to
monitor the mean arterial pressure (MAP) (Networked
Multiparameter LifeWindow 6000V;
Digicare Animal Health, Boynton Beach, FL, United States). A
30-cm-long water-filled catheter (PE-205; Becton, Dickinson)
with side holes at the tip, connected to a differential pressure
transducer (UT-PL-400; SCIREQ, Montreal, QC, Canada) was
used to measure the esophageal pressure (Pes) (Saldiva et al.,

Veterinary Monitor
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1987; Coates et al., 1989). The catheter was passed into the
stomach and then slowly withdrawn back into the esophagus;
proper positioning was assessed using the occlusion test (Baydur
et al., 1982). Heart rate (HR), MAP, and rectal temperature were
monitored continuously. Body temperature was maintained at
37.5 £ 1°C using a heating bed. Animals in dorsal recumbency
were paralyzed with pancuronium bromide (2 mg/kg, i.v.) and
their lungs mechanically ventilated (Servo-I; MAQUET, Solna,
Sweden) in volume-controlled mode (VCV) with constant
inspiratory airflow, Vr = 6 ml/kg, respiratory rate (RR) to
maintain V'g = 160 ml/min, zero end-expiratory pressure
(ZEEP), FiO, = 1.0, and an inspiratory-expiratory ratio of 1:2
(baseline). Animals were randomized to receive a restrictive
(~5 ml/kg/h) or liberal (~40 ml/kg/h) rate of fluid infusion of
Ringer’s lactate (B. Braun, Crissier, Switzerland) via continuous
intravenous infusion until the end of the study. The restrictive
and liberal rates of fluid infusion of Ringer’s lactate were based on
previous studies (Wiedemann et al., 2006; Holte et al., 2007;
Rahbari et al., 2009; Evans et al., 2021). After the fluid strategy
allocation, both groups were then exposed to PEEP three cmH,0O
(PEEP3) and PEEP nine cmH,O (PEEPY) for 1 h (n = 6/group).
PEEP of three cmH,O was selected because it is consistent with
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functional residual capacity in rats during spontaneous breathing
(Passaro et al., 2009), while PEEP of nine cmH,O was chosen
based on a previous study that showed that this level promoted
VILI but allowed survival for 2 h in this rodent model without
severe hemodynamic impairment (Samary et al., 2015). After
randomization, done using sealed envelopes, arterial blood
gases, echocardiography, and lung mechanics were assessed at
initial and final (after 1 h) time points. Heparin (1000 IU) was
injected into the tail vein. All animals were euthanized by an
overdose of sodium thiopental (60 mg/kg i.v.) and the trachea
was then clamped at the final PEEP. Lungs and one kidney
were then extracted for histology and molecular biology
analysis. Six animals received lipopolysaccharide (LPS)
intratracheally but were not mechanically ventilated or
given fluids (non-ventilated [NV] animals) and after 24 h,
they were euthanized and their lungs and one kidney removed
for molecular biology analysis. The temporal evolution is
shown in Figure 1B.

Data acquisition and processing

Airflow, airway (Paw), and Pes pressures were recorded
continuously throughout the experiments (Felix et al., 2019;
Fernandes et al.,, 2022) using a computer running customer-
made software written in LabVIEW (National Instruments;
Austin, TX, United States). Vi was calculated as digital
integration of the airflow signal. All signals were amplified in
a four-channel signal conditioner (SC-24; SCIREQ), and sampled
at 200 Hz with a 12-bit analog-to-digital converter (National
Instruments). Peak transpulmonary pressure (Ppeak,;) was
the
transpulmonary driving pressure (AP,;) was the difference
the
inspiration (Pplat,;) and end expiration. Lung mechanical

calculated as difference between Paw and Pes;

between transpulmonary plateau pressure at end
power (MP,;) was calculated according to the following

formula (Gattinoni et al., 2016):

MP, = 0.098 x RR x Vyx (Ppeak,; — (AP, /2))

Mechanical data were computed offline by a routine written
in MATLAB (version R2007a; MathWorks, Natick, MA,
United States).

Transthoracic echocardiography

Shaved animals were placed in the dorsal recumbent
position. Transthoracic echocardiography was performed
(Lang et al., 2015) by an expert (N.N.R.) blinded to the group
allocation, using an UGEO HM70A system (Samsung, Sao Paulo,
Brazil) equipped with a linear phased-array probe (8-13 MHz).
Images were obtained from the subcostal and parasternal views.
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The following parameters were analyzed: right ventricular (RV)
area, left ventricular (LV) area, and cardiac output (CO). Images
of the inferior vena cava (IVC) were acquired in sagittal sections.
To obtain a sagittal image, the probe was placed in the
subxiphoid area and the liver was used as an acoustic
window. Images of the IVC draining into the right atrium
were obtained while the probe was placed in the subxiphoid
area. The minimum diameter of the IVC on inspiration and the
maximum diameter of the IVC on expiration were recorded
using M-mode just beyond the point where the hepatic veins
drain into the IVC. The IVC collapsibility (IVCC) index was
calculated using the formula: IVCC index = maximum diameter
on expiration—(minimum diameter on inspiration/maximum
diameter on expiration) (Yildizdas and Aslan, 2020). All
parameters followed the recommendations of the American
Society of Echocardiography and the European Association of
Cardiovascular Imaging (Lang et al., 2015).

Lung histology

The lungs and heart were removed en bloc. The left lung was
fixed in 4% formaldehyde and embedded in paraffin, cut
longitudinally into three slices (each 4-pm thick) in the
central zone using a microtome, stained with hematoxylin-
eosin for histologic analysis (Felix et al., 2019), and assessed
in a light microscope (Olympus BX51; Olympus Latin America,
Sao Paulo, Brazil).

Quantification of heterogeneous airspace
enlargement

Airspace enlargement was assessed by measuring the mean
linear intercept between alveolar walls at X400 magnification in
the lung as a whole (Felix et al,, 2019). External and internal
border areas were not included in the analysis (Scaramuzzo et al.,
2019) since the behavior of airspaces at different distances from
the pleura cannot be observed clearly in rats. To characterize the
heterogeneity of airspace enlargement, the central moment of the
mean linear intercept (D, of the mean linear intercept between
alveolar walls) was computed from 20 noncoincident airspace
measurements (Parameswaran et al., 2006), according to the
following equation:

o’ y
Dzzp' 1+m . 2+U‘;l

where pt is the mean, o is the variance of the airspace diameters,
and y is the skewness of the diameter distribution. After
calculating D,, the heterogeneity index () was derived from
the ratio of D, and the mean linear intercept between the alveolar
walls (Wierzchon et al., 2017). Quantification of heterogeneous
airspace enlargement was performed by an investigator (L.A.S.)
blinded to the group assignment.
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Perivascular edema

To quantify perivascular edema, ten random, noncoincident
microscopic fields containing venules were evaluated. The
number of points falling on areas of perivascular edema and
the number of intercepts between the lines of the integrating
eyepiece and the basal membrane of the vessels were counted.
The interstitial perivascular edema index was calculated as
follows: number of points”?/number of intercepts (Hizume
et al, 2007). Quantification of perivascular edema was
performed by an investigator (L.A.S.) blinded to the group
assignment.

Claudin-4 quantification

To quantify the expression of claudin-4, the slides were
digitally scanned at x40 magnification using a Pannoramic
250 whole slide scanner (3DHistech, Budapest, Hungary). The
slides were analyzed using QuPath software (version 0.2.3;
Centre for Cancer Research & Cell Biology, University of
Edinburgh, Edinburgh, Scotland) using a semi-assisted
method (Bankhead et al, 2017). QuPath outputted the
number of positive cells per mm® in all fields investigated.
Quantification of claudin-4 was performed by an investigator
(C.M.B.) blinded to the group assignment.

Molecular biology of lung and kidney

A quantitative real-time reverse transcription polymerase
chain reaction (RT-PCR) was used. In lung tissue, gene
expression of biomarkers associated with inflammation
(interleukin [IL]-6), epithelial cell damage (club cell secretory
protein 16 [CC16]), tight junction (zonula occludens [ZO]-1),
and extracellular matrix (ECM) damage (syndecan) were
measured. In kidney tissue, gene expressions of biomarkers
associated with renal injury (neutrophil gelatinase-associated
lipocalin [NGAL]) and inflammation (IL-6) were evaluated.
The primer sequences are listed in Additional file 1
(Supplementary Table S1). Central slices of the right lung and
kidney were cut, flash-frozen by immersion in liquid nitrogen,
and stored at —80°C. For each sample, the expression of each gene
was normalized to the acidic ribosomal phosphoprotein PO
(36B4) housekeeping gene (Akamine et al, 2007)

expressed as fold change relative to the NV group, using the
2—AAC(

and

method, where ACt = Ct (target gene)—Ct (reference gene)
(Schmittgen and Livak, 2008). Quantification of gene expression
was performed by an investigator (M.M.) blinded to the group
assignment.

Statistical analysis

Sample size was calculated based on a previous study
(Rocha et al, 2021) that detected differences in lung
damage expressed as IL-6 gene expression. A sample size of
six rats per group provided the appropriate power (1—f = 0.8)
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to identify significant differences in IL-6 expression,
considering the effect size d = 2.0, a two-sided t test, and a
sample size ratio of 1 (G*Power 3.1.9.2; University of
Dusseldorf, Dusseldorf, Germany). The primary outcome
was lung damage, expressed as IL-6 gene expression. The
secondary outcomes were

lung mechanics, airspace

enlargement, perivascular edema, lung claudin-4
quantification, lung and kidney molecular biology, and
echocardiography data.

Normality and equality of variance were evaluated by the
Kolmogorov-Smirnov test with Lilliefors’ correction and
Levene’s median test, respectively. Lung mechanics and
arterial blood gas were compared by two-way ANOVA
followed by Holm-Sidak’s
Histologic and molecular biology data were compared by

the Kruskal-Wallis test followed by Dunn’s multiple

multiple comparisons test.

comparisons  test. Data that satisfiled parametric
assumptions were expressed as the mean and standard
deviation and data that did not satisfy parametric

assumptions as the median (interquartile range). Statistical
significance was established at p < 0.05, two-tailed tests. All
tests were carried out in GraphPad Prism 8.00 (GraphPad
Software, La Jolla, CA, United States). Significance was
established at p < 0.05.

Results

No animal died during the experiments. The restrictive-
PEEP3 and restrictive-PEEP9 groups reached a cumulative
fluid infusion 0f 2.3 £ 0.7 ml and 2.4 + 0.8 ml, respectively. The
liberal-PEEP3 and liberal-PEEP9 groups received 13.1 *
2.1 ml and 14.7 £ 5.2 ml, respectively (Table 1). At
baseline, hemodynamic and oxygenation index did not
differ among groups [Additional file 2 (Supplementary
Table S2)]. At the end of the experiment (final), blood gas
analysis did not differ between the groups (Table 1). RVSV
and IVCC were lower in the liberal-PEEP9 group than the
liberal-PEEP3 group (p = 0.007, and p = 0.001, respectively)
(Table 2).

At final, V1 and RR did not differ among the groups. In
restrictive groups, Ppeak,;, Pplat,; and MP,;, were higher with
PEEP9 than PEEP3 (p < 0.001, p < 0.001, and p = 0.004;
respectively). In liberal groups, Ppeak,;, Pplat,;, AP,; and
MP,; were higher with PEEP9 than PEEP3 (p < 0.001, p <
0.001, p = 0.022, and p = 0.006; respectively). Pplat,; was
higher in the liberal group (23.5 + 2.9 cmH,0) compared with
the restrictive group (18.8 + 2.3 c¢cmH,0) with PEEP =
9 cmH,0 (p = 0.049, Table 3).

The heterogeneity index was higher in both PEEP9 groups
compared with the PEEP3 groups, regardless of the fluid
strategy (Restrictive: p = 0.030; Liberal: p < 0.001,
respectively) (Figure 2). On the other hand, perivascular

frontiersin.org


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.992401

Felix et al.

TABLE 1 Body weight, cumulative fluids, and mean arterial pressure at the final time point.

10.3389/fphys.2022.992401

Restrictive Liberal

PEEP3 PEEP9 PEEP3 PEEP9
Body weight (kg) 0.332 + 0.034 0.344 + 0.038 0.309 + 0.014 0.349 + 0.020
Cumulative fluids (ml) 23 +0.7 2.4+ 0.8 13.1 £ 2.11 14.7 + 5.2#
Fluid rate (ml/kg/h) 6.8 + 1.4 7.0 +24 429 + 6.9t 41.8 + 13.3#
Pa0,/FiO, 368 £ 154 467 + 74 333 £ 120 461 + 47
PaCO, (mmHg) 34+4 218 33+ 14 47 + 14
HCO; (mmol/L) 21+2 2143 18+6 19 +3
MAP (mmHg) 107 £ 25 126 £ 14 94 + 24 108 + 37

Comparisons were done by two-way ANOVA followed by Holm-Sidak’s multiple comparisons test (n = 6 animals/group). tVersus restrictive-PEEP3. #Versus restrictive-PEEP 9.

Restrictive 5 ml/kg/h fluid strategy, Liberal 40 ml/kg/h fluid strategy, PEEP positive end-expiratory pressure, PaO,/FiO; ratio of oxygen partial pressure in arterial blood and oxygen

inspired fraction, PaCO, arterial blood carbon dioxide partial pressure, HCO; bicarbonate level, MAP mean arterial pressure.

TABLE 2 Echocardiography at the final time point.

Variables Restrictive Liberal

PEEP3 PEEP9 PEEP3 PEEP9
HR (bpm) 442 + 73 420 + 45 375 + 56 398 + 41
RVSV (ml) 0.272 + 0.045 0.235 + 0.057 0.360 + 0.085 0.228 + 0.036*
LVSV (ml) 0.215 + 0.047 0.200 + 0.041 0.234 + 0.052 0.232 + 0.029
CO (ml/min) 94 + 17 95 + 20 86 + 12 92 + 18
IVCC (%) 212+73 183 + 2.6 30.7 £ 4.7 17.1 + 4.3*
RV area 0.275 + 0.032 0.222 + 0.059 0.338 + 0.059 0.268 + 0.069
LV area 0.165 + 0.029 0167 + 0.055 0.262 + 0.092 0.228 + 0.027

Comparisons were done by two-way ANOVA followed by Holm-Sidak’s multiple comparisons test (n = 6 animals/group). *Versus liberal-PEEP3. Restrictive 5 ml/kg/h fluid strategy,
Liberal 40 ml/kg/h fluid strategy, PEEP positive end-expiratory pressure, HR heart rate, RVSV right ventricle systolic volume, LVSV left ventricle systolic volume, CO cardiac output, [IVCC

inferior vena cava collapsibility index, RV area right ventricle area, LV area left ventricle area.

TABLE 3 Lung mechanics at the final time point.

Restrictive Liberal

PEEP3 PEEP9 PEEP3  PEEP9
Vo (ml/kg) 6.4 + 03 6.7 £ 09 65+10 58+ 1.0
RR (bpm) 7348 71+6 76 6 75 + 4
Ppeak,; (cmH,O)  15.1 + 1.6 219 +23% 152+ 15 257 + 2.4*
Pplat, (cmH,0) 132 + 1.8 188 + 231 135+ 17 235+ 29%
AP, (cmH,0) 97+ 15 9.6 +2.0 99 + 1.5 13.6 + 2.5*
MP,; (m]/min) 178 + 35 286 + 42 184 £57 249 + 40*

Comparisons were done by two-way ANOVA followed by Holm-Sidak’s multiple
comparisons test (p < 0.05, n = 6 animals/group). *Versus liberal-PEEP3. tVersus
restrictive-PEEP3. #Versus restrictive-PEEP 9 Restrictive 5 ml/kg/h fluid strategy,
Liberal 40 ml/kg/h fluid strategy, PEEP positive end-expiratory pressure, Vr tidal
volume, RR respiratory rate, Ppeak,; transpulmonary peak pressure, Pplat,.
transpulmonary plateau pressure, AP,; transpulmonary driving pressure, MP,; lung
mechanical power calculated according to the following formula MP,; = 0.098 x V1
(L) x RR x [Ppeak,, (AP, /2)].

Frontiers in Physiology

edema was higher in both liberal groups compared with the
restrictive fluid groups, regardless of the PEEP levels (PEEP3:
p = 0.005; PEEP9: p < 0.001, respectively) (Figure 3).
Birefringence for claudin-4 in lung tissue was lower in both
PEEP9 groups compared with PEEP3 groups, regardless of the
fluid strategy (p < 0.001 for both) (Figure 4).

In lung, IL-6 gene expression was higher in the liberal-
PEEP9Y group compared with the liberal-PEEP3 (p = 0.006)
and restrictive-PEEP9 (p = 0.012) groups. Expression of CC-
16 (p = 0.010) and syndecan (p = 0.024) genes was higher in
the liberal-PEEP9 group than the liberal-PEEP3 group. ZO-1
gene expression was lower in both PEEP9 groups than
PEEP3 groups, regardless of the fluid strategy (p <
0.001 for both) (Figure 5).

In kidney, expression of IL-6 (Restrictive: p = 0.006; Liberal:
p < 0.001, respectively) and NGAL (p < 0.001 for both) was
higher in both PEEP9 groups, regardless of the fluid strategy
(Figure 6).
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(A) Representative scanned whole lungs. (B) Histologic sections of alveolar pulmonary parenchyma (alveolar sacs and ducts, alveoli and
associated capillary loops) stained by hematoxylin-eosin depicting quantification of the heterogeneity index in lung tissue. Scale bar, 500 um. (C)
Bars represent the mean and standard deviation of six animals/group. Comparisons were done with the Kruskal-Wallis test followed by Dunn’s
multiple comparisons test (o < 0.05). The restrictive and liberal fluid strategies were set at 5 ml/kg/h and 40 ml/kg/h, respectively.

Discussion
Overview

In the present mild experimental ARDS model, we found
that: 1) PEEPY increased lung mechanical power, and when
combined with the liberal fluid strategy, Pplat, increased
compared with the restrictive fluid strategy at equivalent
PEEPY; 2) in lungs, inflammatory gene expression was higher
in the liberal-PEEP9 group compared with the liberal-PEEP3 and
restrictive-PEEP9 groups, whereas markers of epithelial cell and
ECM damage were higher in the liberal-PEEP9 group than the
liberal-PEEP3 group; 3) in both PEEP9 groups compared with
PEEP3 groups, regardless of the fluid strategy, the heterogeneity
index was higher, whereas birefringence for claudin-4 in lung
tissue and ZO-1 gene expression were lower; 4) perivascular
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edema was higher in both liberal fluid strategy groups, regardless
of the PEEP levels; 5) in kidneys, expression of IL-6 and NGAL
genes was higher in both PEEP9 groups compared with the
PEEP3 groups, regardless of the fluid strategy; 6) in the liberal
fluid strategy groups, PEEP9 reduced right ventricle systolic
volume and the IVCC index in comparison with PEEP3. Our
data suggest that the combination of a liberal fluid strategy and
high PEEP may lead to lung damage; application of high PEEP,
regardless of the fluid strategy, may also be deleterious for the
kidney. Animal models have been used to advance the field of
VILI pathophysiology because direct and invasive measurements
cannot be performed in humans. We used a model of Escherichia
coli lipopolysaccharide induced-mild/moderate lung injury
because it reproduces many changes in lung function and
histology characteristic of human ARDS (Matute-Bello et al.,
2011).

frontiersin.org


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.992401

Felix et al.

>

RESTRICTIVE

LIBERAL

FIGURE 3

10.3389/fphys.2022.992401

B p<0.001
5 O PEEP3
©
£ PEEP9
o oo
S
5
o
3
©
2z
5
o
RESTRICTIVE LIBERAL

(A) Representative images of histologic sections of perivascular edema. Asterisks represent the perivascular edema. Scale bar, 100 ym. (B) Bars
represent the mean and standard deviation of six animals/group. Comparisons were done with the Kruskal-Wallis test followed by Dunn’s multiple
comparisons test (p < 0.05). The restrictive and liberal fluid strategies were set at 5 ml/kg/h and 40 ml/kg/h, respectively.

Effects of PEEP in the lungs

The combination of increased alveolar pressure with
increased capillary pressure may induce epithelial and
endothelial cell damage at the level of the alveolar-capillary
membrane (Kuebler et al., 1999). In our study, we observed
that the application of a PEEP of nine cmH,0 was able to
increase lung mechanical power by changing the pressure
domain, as observed in Ppeak, Pplat, and ultimately AP.
We used a similar mechanical power formula used in a
clinical setting. Mechanical power has been associated with
VILI and increased mortality in both preclinical and clinical
studies (Cressoni et al.,, 2016; Santos et al., 2018; Coppola
et al., 2020). At high PEEP, static strain tends to increase, and
due to repetitive ventilating stress, some alveolar units may
cross a threshold into a range that could damage highly
jeopardized regions of the lung’s micro-architecture
(Marini 2020; Mauri, 2021), leading to VILL
Recently, it was shown that increased static strain by

et al.,

changing the PEEP level may disrupt the intercellular
junction, and ultimately alter lung impedance due to the
increase in extravascular lung water during development of
VILI (Steinberg et al., 2022). At similar high PEEP levels, the
liberal fluid strategy was associated with higher Pplat
compared with the restrictive fluid strategy. Pplat has been
suggested as a surrogate parameter for positive cumulative
fluid accumulation in critically ill patients due to an increase
in the elastic properties of the abdominal cavity which
represents one of the components of the chest wall,
resulting in an increase in intrathoracic pressure and thus
Pplat (Rosenberg et al., 2009). As the mechanical power was
increased in the PEEPY groups, the heterogeneity index, which
measures heterogeneous alveolar enlargement, increased
followed by a decrease in birefringence for claudin-4 in
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lung tissue, independently of the fluid infusion strategy. In
others words, as alveoli disproportionally enlarge, the
integrity of lung epithelial cells decreases. Birefringence for
claudin-4 was measured in lung tissue because it is
constitutively expressed in alveolar cells and is associated
with preserved alveolar epithelial barrier function (Rokkam
et al., 2011). Thus, the immunohistochemistry analysis was
based on the amount of claudin-4 that was still preserved in
lung tissue and not on claudin-4 synthesis, because our
ventilatory protocol was short. The perivascular index was
higher in those animals under the liberal fluid infusion
strategy, and it represents only the juxtacapillary regions,
closer to pre-acinar arterioles, which can be highly
influenced by the fluid infusion strategy.

Effects of the fluid strategy on the
lungs

The restrictive and liberal fluid strategies were based on
previous studies (Wiedemann et al., 2006; Holte et al., 2007;
Rahbari et al., 2009; Evans et al., 2021). Although, there is a
lack of consensus of liberal fluid strategy in clinical practice,
the
strategies was close to that observed in surgical (Shin et al.,
2018), septic shock (Meyhoff et al., 2022), and ARDS (Zhang
et al., 2019) scenarios. A liberal fluid strategy in isolation was

difference between the restrictive and liberal fluid

not enough to change the gene expression and histologic
parameters. This may indicate that pulmonary vessels and
capillaries are able to adapt through distension and capillary
recruitment mechanisms. A recent RCT showed no significant
differences in 90-days mortality or serious adverse events
among patients with septic shock who received restricted or
standard fluid therapy in the ICU (Meyhoff et al., 2022).
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(A) Representative images of histologic sections of claudin-4 expression in lung tissue. Triangles represent claudin-4 expression in lung tissue
(brown). Scale bar, 100 pm. (B) Boxplots represent the median and interquartile range of six animals per group. Comparisons were done with the
Kruskal-Wallis test followed by Dunn’s multiple comparisons test (p < 0.05). The restrictive and liberal fluid strategies were set at 5 ml/kg/h and

40 ml/kg/h, respectively.

However, lung damage increased only when a high fluid
strategy was combined with increased alveolar pressure and
high levels of mechanical power. This hypothesis was
confirmed by increased gene expression of inflammatory,
epithelial cell damage, and ECM markers. In addition,
in both PEEP9 groups
independently of the fluid strategy, likely due to impaired

Zonula occludens decreased
respiratory system and lung mechanics. Zonula occludens is
encompassed within tight junction proteins. In addition to
quantifying the remaining claudin-4 in lung tissue, ZO-1 gene
expression was also measured as a way to observe whether
there would be a gene signaling toward regeneration of

epithelial cell integrity.
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Kidney injury markers

Expression of IL-6 and NGAL was higher with
PEEPY regardless of the fluid infusion strategy. In theory,
PEEP during mechanical ventilation may impair renal
function by altering renal hemodynamics or by increasing
secretion of the antidiuretic hormone (Kaukinen and Eerola,
1979). Recently, a retrospective cohort study of patients with
ARDS without kidney disease before the onset of ARDS, showed
that peak airway pressure was associated with the severity of
acute kidney injury (Panitchote et al., 2019). In the present study,
we showed that peak airway pressure was higher in those animals
ventilated under PEEP9 with both restrictive and liberal fluid
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Gene expression of biomarkers associated with (A) inflammation (interleukin [IL]-6), (B) epithelial cell damage (club cell secretory protein 16,
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range of six animals per group. Comparisons were done with the Kruskal-Wallis test followed by Dunn’s multiple comparisons test (p < 0.05). The
restrictive and liberal fluid strategies were set at 5 ml/kg/h and 40 ml/kg/h, respectively.

A p<0.001
100~ —

g,’ & o 5=0.006 [ PEEP3

E z° — = PEEP9

G = 604

s g

S F 40- @

© 2

S s

RESTRICTIVE LIBERAL

FIGURE 6

B - p<0.001
p<0.

4+ —
] — [ PEEP3
(=2
S S 3 1 PEEPY
=
8
22
=3
s e 14
- ﬂ

RESTRICTIVE LIBERAL

Gene expression of interleukin-6 (IL-6) (A) and neutrophilic gelatinase-associated lipocalin (NGAL) (B) in kidney tissue. Boxplots represent the
median and interquartile range of six animals per group. Comparisons were done with the Kruskal-Wallis test followed by Dunn’s multiple
comparisons test (p < 0.05). The restrictive and liberal fluid strategies were set at 5 ml/kg/h and 40 ml/kg/h, respectively.

strategies, and it may have influenced early biological markers
related to kidney injury. Thus, the deleterious effects induced by
PEEP were greater than those induced by an increased fluid
strategy. Proactively administering a sufficient fluid volume is
important during the early phases of a critical illness, as observed
in previous clinical trials (Peake et al., 2014; Yealy et al., 2014;
Mouncey et al., 2015). The recommendation of 30 ml/kg as an
initial fluid volume (within the first 3 h of resuscitation) was set
in the 2021 Surviving Sepsis Campaign Guidelines (SSCG)
(Evans et al.,, 2021), according to the average volume of fluid
before randomization in the ProCESS and ARISE trials.
Furthermore, this was corroborated by a recent RCT on
patients with septic shock in the ICU (Meyhoff et al., 2022).
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Hemodynamics

A mean fluid infusion rate as low as 6.8-7.0 ml/kg/h
(restricitve-PEEP3 and restrictive-PEEP9, respectively) was
sufficient to maintain MAP >70 mmHg and normal CO
(Watson et al., 2004) values in the low groups, probably
because intratracheal instillation of LPS, as opposed to
sepsis-induced lung injury, does not produce severe
2017). The

difference between the liberal and restrictive strategies in

hemodynamic instability (Famous et al,

terms of the fluid rate was close to those in previous

studies (Holte et al.,, 2007; Shin et al., 2018). Although no
major differences in CO and MAP were observed between the
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restrictive and liberal groups, the IVCC index was reduced in
the liberal group mainly at PEEP9, which suggests fluid
overload that could potentially increase the hydrostatic
pressure in pulmonary capillaries. Previous studies have
shown that PEEP levels applied to humans would be
equivalent to two times higher than those applied in rats,
according to the
(Thammanomai et al., 2013). Therefore, the range of PEEP
levels would be equivalent to 6 to 18 cmH,O, not uncommon
in the ICU.

estimated transpulmonary pressure

Clinical implications

In critically ill patients with ARDS, lung protective and
correct fluid strategies are cornerstones for improved clinical
outcomes. As shown by Zhang et al. (2019), in a study of
5159 critically ill patients with ARDS enrolled in nine RCTs,
the mortality rate decreased by 35.9% over a period of
17 years. They showed that at day 0, a substantial amount
of fluids was infused in combination with application of
moderate to high PEEP levels. During the following days
(days 3-7), the fluid management strategy changed toward
a more conservative strategy, in combination with lower tidal
volumes, plateau pressures and moderate PEEP levels. Our
preclinical study adds new pathophysiologic data in relation
to the very early treatment in ARDS, when the application of
high PEEP levels, likely due to high lung mechanical power,
can change lung epithelial cell integrity very rapidly,
independently of a liberal fluid strategy.

Limitations

The fluid strategy rates used here were relatively high;
nevertheless, similar fluid rates have been reported in clinical
(Holte et al., 2007; Malbrain et al., 2018; Shin et al., 2018) and
ARDS (Zhang et al,, 2019) settings. Furthermore, in the
present preclinical study, we aimed to evaluate groups with
different fluid strategies to simulate the positive fluid balance
observed at day 0 in patients with ARDS (Zhang et al., 2019).
Although the duration of mechanical ventilation was
relatively short, it should be normalized to the metabolism
of small mammals whereby one rat hour approximately
correspond to 27 human hours (Agoston, 2017). We did
not compute the urine output throughout the experiment.
Nevertheless, we may assume that there was likely a 10-fold
increase in fluid overload in liberal compared to restrictive
group. All animals were hemodynamically stable since this
dose of LPS induced lung injury is not enough to cause
significant hemodynamic instability (Fernandes et al,
2022). The level of IVCC was within 26%-27% that
indicates hemodynamic stability, which is in agreement
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with our recently published study showing that IVCC
ranged from 21 to 29% in rats after 24-h of intratracheal
LPS (de Carvalho et al, 2022). Additionally, high PEEP is
usually adjusted to counteract the lung edema due to fluid
overload. Maybe extending the time during restrictive or
liberal fluid strategy would better reflect the clinical setting.
Nevertheless, the 1-h experiment allowed sufficient time to
observe decreases in constitutive proteins at the alveolar-
capillary membrane and changes in gene expression. It has
been shown that there are no differences in susceptibility to
VILI caused by sex (Lopez-Alonso et al.,, 2019). Rather than
justify the use of animals of a single sex in experimental
studies, these findings support the inclusion of both
(Clayton and Collins, 2014). Thus, we could have used
female animals and assumed a hypothesis of no influence
of sex (Vutskits et al., 2019).

Conclusion

The combination of a liberal fluid strategy and high PEEP
levels led to increased lung damage, and the application of high
PEEP may be deleterious for the kidneys, regardless of the fluid
strategy.

Data availability statement

The original contributions presented in the study are
the further
inquiries can be directed to the corresponding author.

included in article/Supplementary Material,

Ethics statement

The animal study was reviewed and approved by
Comissio de Etica no Uso de Animais (CEUA) em
Experimentagdo Cientifica do Centro de Ciéncias da
Satde da Universidade Federal do Rio de Janeiro
registrada Conselho de de
Experimentagdo Animal (CONCEA) sob o numero de
processo 01200.001568/2013-87 certifica que o projeto
intitulado: “Efeitos dos fluidos a diferentes niveis de PEEP

no Nacional Controle

na lesdo pulmonar induzida pela ventilagdio mecénica em
modelo experimental de SDRA.” protocolo n° 101/18, sob
sua responsabilidade que envolve a produgdo, manutengéo e/
ou utilizacdo de animais para fins de pesquisa cientifica (ou
ensino) encontra-se de acordo com os preceitos da Lei
n°11.794, de 8 de outubro de 2008, do Decreto n’6.899, de
15 de julho de 2009, e com as normas editadas pelo Conselho
de da
(CONCEA), foi aprovado por esta comissdo de ética, em
reunido do dia 11/09/2018.

Nacional Controle Experimentagdo Animal

frontiersin.org


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.992401

Felix et al.

Author contributions

NF, NR, MaM, PP, PR, and PS were involved in the
conception and design of the study, generation, collection,
analysis, and interpretation of data, and writing of the
manuscript. NF, LM, NR, GR, MM, LS, CB, and VC were
involved in the generation and collection of data. PR and PS
were involved in the conception, design, and supervision of the
study.

Funding

This study was supported by the Brazilian Council for
Scientific and Technological Development (CNPq; 483005/
2012-6), the Rio de Janeiro State Research Foundation
(FAPER] E-26/010.101042, E-26/010.002160/2019), the Sao
Paulo Research Foundation (FAPESP; 2018/20403-6 and
2019/12151-367, the Coordination for the Improvement of
Higher Education Personnel (CAPES, 88881.371450/2019-01)
and the Department of Science and Technology—Brazilian
Ministry of Health (DECIT/MS).

References

Agoston, D. V. (2017). How to translate time? The temporal aspect of human and
rodent biology. Front. Neurol. 8, 92. doi:10.3389/fneur.2017.00092

Akamine, R., Yamamoto, T., Watanabe, M., Yamazaki, N., Kataoka, M., Ishikawa,
M., et al. (2007). Usefulness of the 5’ region of the cDNA encoding acidic ribosomal
phosphoprotein PO conserved among rats, mice, and humans as a standard probe
for gene expression analysis in different tissues and animal species. J. Biochem.
Biophys. Methods 70, 481-486. doi:10.1016/j.jbbm.2006.11.008

Bankhead, P., Loughrey, M. B., Fernandez, J. A., Dombrowski, Y., McArt, D. G,,
Dunne, P. D,, et al. (2017). QuPath: Open source software for digital pathology
image analysiSA Sci. Rep. 7, 16878. d0i:10.1038/541598-017-17204-5

Baydur, A., Behrakis, P. K., Zin, W. A,, Jaeger, M., and Milic-Emili, J. (1982). A
simple method for assessing the validity of the esophageal balloon technique. Am.
Rev. Respir. Dis. 126, 788-791. doi:10.1164/arrd.1982.126.5.788

Clayton, J. A,, and Collins, F. S. (2014). Policy: NIH to balance sex in cell and
animal studies. Nature 509, 282-283. doi:10.1038/509282a

Coates, A. L., Davis, G. M., Vallinis, P., and Outerbridge, E. W. (1989). Liquid-
filled esophageal catheter for measuring pleural pressure in preterm neonates.
J. Appl. Physiol. 67, 889-893. doi:10.1152/jappl.1989.67.2.889

Collino, F., Rapetti, F., Vasques, F., Maiolo, G., Tonetti, T., Romitti, F., et al.
(2019). Positive end-expiratory pressure and mechanical power. Anesthesiology 130,
119-130. doi:10.1097/ALN.0000000000002458

Coppola, S., Caccioppola, A., Froio, S., Formenti, P., De Giorgis, V., Galanti, V.,
et al. (2020). Effect of mechanical power on intensive care mortality in ARDS
patients. Crit. Care 24, 246. doi:10.1186/s13054-020-02963-x

Cressoni, M., Gotti, M., Chiurazzi, C., Massari, D., Algieri, I, Amini, M., et al.
(2016). Mechanical power and development of ventilator-induced lung injury.
Anesthesiology 124, 1100-1108. doi:10.1097/ALN.0000000000001056

de Carvalho, E. B., Fonseca, A. C. F., Magalhaes, R. F., Pinto, E. F., Samary, C. D.
S., Antunes, M. A,, et al. (2022). Effects of different fluid management on lung and
kidney during pressure-controlled and pressure-support ventilation in
experimental acute lung injury. Physiol. Rep. 10, e15429. doi:10.14814/phy2.15429

Evans, L., Rhodes, A., Alhazzani, W., Antonelli, M., Coopersmith, C. M., French,
C., et al. (2021). Surviving sepsis Campaign: International guidelines for
management of sepsis and septic shock 2021. Crit. Care Med. 49, e1063-e1143.
doi:10.1097/CCM.0000000000005337

Frontiers in Physiology

12

10.3389/fphys.2022.992401

Conflict of interest

The 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.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fphys.
2022.992401/full#supplementary-material

Famous, K. R, Delucchi, K., Ware, L. B., Kangelaris, K. N., Liu, K. D., Thompson,
B. T., et al. (2017). Acute respiratory distress syndrome subphenotypes respond
differently to randomized fluid management strategy. Am. J. Respir. Crit. Care Med.
195, 331-338. doi:10.1164/rccm.201603-06450C

Felix, N. S., Samary, C. S., Cruz, F. F., Rocha, N. N,, Fernandes, M. V. S., Machado,
J. A, et al. (2019). Gradually increasing tidal volume may mitigate experimental
lung injury in rats. Anesthesiology 130, 767-777. doi:10.1097/ALN.
0000000000002630

Fernandes, M. V. S, Rocha, N. N,, Felix, N. S., Rodrigues, G. C,, Silva, L. H. A,,
Coelho, M. S, et al. (2022). A more gradual positive end-expiratory pressure
increase reduces lung damage and improves cardiac function in experimental acute
respiratory distress syndrome. J. Appl. Physiol. 132, 375-387. doi:10.1152/
japplphysiol.00613.2021

Gattinoni, L., Tonetti, T., Cressoni, M., Cadringher, P., Herrmann, P., Moerer, O.,
et al. (2016). Ventilator-related causes of lung injury: The mechanical power.
Intensive Care Med. 42, 1567-1575. doi:10.1007/s00134-016-4505-2

Griffiths, M. J. D., McAuley, D. F., Perkins, G. D., Barrett, N., Blackwood, B.,
Boyle, A, et al. (2019). Guidelines on the management of acute respiratory distress
syndrome. BMJ Open Respir. Res. 6, €000420. doi:10.1136/bmjresp-2019-000420

Hizume, D. C,, Rivero, D. H., Kasahara, D. I, Leme, A. S., Arantes-Costa, F. M.,
Olivo, C. R,, et al. (2007). Effects of positive end-expiratory pressure in an
experimental model of acute myocardial infarct in wistar rats. Shock 27,
584-589. doi:10.1097/01.shk.0000248594.79012.d6

Holte, K., Hahn, R. G, Ravn, L., Bertelsen, K. G., Hansen, S., and Kehlet, H.
(2007). Influence of "liberal" versus "restrictive" intraoperative fluid administration
on elimination of a postoperative fluid load. Anesthesiology 106, 75-79. doi:10.1097/
00000542-200701000-00014

Hotchkiss, J. R., Jr., Blanch, L, Murias, G., Adams, A. B, Olson, D. A.,
Wangensteen, O. D., et al. (2000). Effects of decreased respiratory frequency on
ventilator-induced lung injury. Am. J. Respir. Crit. Care Med. 161, 463-468. doi:10.
1164/ajrccm.161.2.9811008

Kaukinen, S., and Eerola, R. (1979). Positive end expiratory pressure ventilation,
renal function and renin. Ann. Clin. Res. 11, 58-62.

Kuebler, W. M., Ying, X., Singh, B., Issekutz, A. C., and Bhattacharya, J. (1999).
Pressure is proinflammatory in lung venular capillaries. J. Clin. Invest. 104,
495-502. doi:10.1172/JC16872

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fphys.2022.992401/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphys.2022.992401/full#supplementary-material
https://doi.org/10.3389/fneur.2017.00092
https://doi.org/10.1016/j.jbbm.2006.11.008
https://doi.org/10.1038/s41598-017-17204-5
https://doi.org/10.1164/arrd.1982.126.5.788
https://doi.org/10.1038/509282a
https://doi.org/10.1152/jappl.1989.67.2.889
https://doi.org/10.1097/ALN.0000000000002458
https://doi.org/10.1186/s13054-020-02963-x
https://doi.org/10.1097/ALN.0000000000001056
https://doi.org/10.14814/phy2.15429
https://doi.org/10.1097/CCM.0000000000005337
https://doi.org/10.1164/rccm.201603-0645OC
https://doi.org/10.1097/ALN.0000000000002630
https://doi.org/10.1097/ALN.0000000000002630
https://doi.org/10.1152/japplphysiol.00613.2021
https://doi.org/10.1152/japplphysiol.00613.2021
https://doi.org/10.1007/s00134-016-4505-2
https://doi.org/10.1136/bmjresp-2019-000420
https://doi.org/10.1097/01.shk.0000248594.79012.d6
https://doi.org/10.1097/00000542-200701000-00014
https://doi.org/10.1097/00000542-200701000-00014
https://doi.org/10.1164/ajrccm.161.2.9811008
https://doi.org/10.1164/ajrccm.161.2.9811008
https://doi.org/10.1172/JCI6872
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.992401

Felix et al.

Lang, R. M,, Badano, L. P., Mor-Avi, V., Afilalo, J., Armstrong, A., Ernande, L.,
et al. (2015). Recommendations for cardiac chamber quantification by
echocardiography in adults: An update from the American society of
echocardiography and the European association of cardiovascular imaging.
J. Am. Soc. Echocardiogr. 28, 1-39. d0i:10.1016/j.ech0.2014.10.003

Lopez-Alonso, I., Amado-Rodriguez, L., Lopez-Martinez, C., Huidobro, C., and
Albaiceta, G. M. (2019). Sex susceptibility to ventilator-induced lung injury.
Intensive Care Med. Exp. 7, 7. doi:10.1186/s40635-019-0222-9

Malbrain, M., Van Regenmortel, N., Saugel, B., De Tavernier, B., Van Gaal, P. .,
Joannes-Boyau, O., et al. (2018). Principles of fluid management and stewardship in
septic shock: It is time to consider the four D’s and the four phases of fluid therapy.
Ann. Intensive Care 8, 66. doi:10.1186/s13613-018-0402-x

Marini, J. J., Rocco, P. R. M., and Gattinoni, L. (2020). Static and dynamic
contributors to ventilator-induced lung injury in clinical practice. Pressure, energy,
and power. Am. J. Respir. Crit. Care Med. 201, 767-774. doi:10.1164/rccm.201908-
1545CI

Matute-Bello, G., Downey, G., Moore, B. B,, Groshong, S. D., Matthay, M. A,,
Slutsky, A. S., et al. (2011). An official American thoracic society workshop report:
Features and measurements of experimental acute lung injury in animals. Am.
J. Respir. Cell. Mol. Biol. 44, 725-738. doi:10.1165/rcmb.2009-0210ST

Mauri, T. (2021). Personalized positive end-expiratory pressure and tidal volume
in acute respiratory distress syndrome: Bedside physiology-based approach. Crit.
Care Explor. 3, e0486. doi:10.1097/CCE.0000000000000486

Meyhoff, T. S., Hjortrup, P. B, Wetterslev, J., Sivapalan, P., Laake, J. H,
Cronhjort, M., et al. (2022). Restriction of intravenous fluid in ICU patients
with septic shock. N. Engl. ]. Med. 386, 2459-2470. doi:10.1056/NEJM0a2202707

Mouncey, P. R, Osborn, T. M., Power, G. S., Harrison, D. A., Sadique, M. Z.,
Grieve, R. D, etal. (2015). Trial of early, goal-directed resuscitation for septic shock.
N. Engl. ]. Med. 372, 1301-1311. doi:10.1056/NEJMoal1500896

Panitchote, A., Mehkri, O., Hastings, A., Hanane, T., Demirjian, S., Torbic, H.,
etal. (2019). Factors associated with acute kidney injury in acute respiratory distress
syndrome. Ann. Intensive Care 9, 74. doi:10.1186/s13613-019-0552-5

Parameswaran, H., Majumdar, A, Ito, S., Alencar, A. M., and Suki, B. (2006).
Quantitative characterization of airspace enlargement in emphysema. J. Appl.
Physiol. 100, 186-193. doi:10.1152/japplphysiol.00424.2005

Passaro, C. P,, Silva, P. L., Rzezinski, A. F., Abrantes, S., Santiago, V. R., Nardelli,
L., et al. (2009). Pulmonary lesion induced by low and high positive end-expiratory
pressure levels during protective ventilation in experimental acute lung injury. Crit.
Care Med. 37, 1011-1017. doi:10.1097/CCM.0b013e3181962d85

Peake, S. L., Delaney, A., Bailey, M., Bellomo, R., Cameron, P. A., Cooper, D. J.,
etal. (2014). Goal-directed resuscitation for patients with early septic shock. N. Engl.
J. Med. 371, 1496-1506. doi:10.1056/NEJMoal404380

Percie du Sert, N., Ahluwalia, A., Alam, S., Avey, M. T., Baker, M., Browne, W. ],
et al. (2020). Reporting animal research: Explanation and elaboration for the
ARRIVE guidelines 2.0. PLoS Biol. 18, €3000411. doi:10.1371/journal.pbio.3000411

Rahbari, N. N., Zimmermann, J. B., Schmidt, T., Koch, M., Weigand, M. A., and
Weitz, J. (2009). Meta-analysis of standard, restrictive and supplemental fluid
administration in colorectal surgery. Br. J. Surg. 96, 331-341. doi:10.1002/bjs.6552

Rocha, N. N,, Samary, C. S., Antunes, M. A, Oliveira, M. V., Hemerly, M. R,,
Santos, P. S, et al. (2021). The impact of fluid status and decremental PEEP strategy
on cardiac function and lung and kidney damage in mild-moderate experimental
acute respiratory distress syndrome. Respir. Res. 22, 214. doi:10.1186/s12931-021-
01811-y

Rokkam, D., Lafemina, M. J., Lee, ]. W., Matthay, M. A,, and Frank, J. A. (2011).
Claudin-4 levels are associated with intact alveolar fluid clearance in human lungs.
Am. ]. Pathol. 179, 1081-1087. doi:10.1016/j.ajpath.2011.05.017

Frontiers in Physiology

13

10.3389/fphys.2022.992401

Rosenberg, A. L., Dechert, R. E., Park, P. K., and Bartlett, R. H. (2009). Review of a
large clinical series: Association of cumulative fluid balance on outcome in acute
lung injury: A retrospective review of the ARDSnet tidal volume study cohort.
J. Intensive Care Med. 24, 35-46. doi:10.1177/0885066608329850

Saldiva, P. H., Cardoso, W. V., Caldeira, M. P., and Zin, W. A. (1987). Mechanics
in rats by end-inflation occlusion and single-breath methods. J. Appl. Physiol. 63,
1711-1718. doi:10.1152/jappl.1987.63.5.1711

Samary, C. S., Santos, R. S, Santos, C. L., Felix, N. S., Bentes, M., Barboza, T., et al.
(2015). Biological impact of transpulmonary driving pressure in experimental acute
respiratory distress syndrome. Anesthesiology 123, 423-433. doi:10.1097/ALN.
0000000000000716

Santos, R. S., Maia, L. A., Oliveira, M. V., Santos, C. L., Moraes, L., Pinto, E. F.,
et al. (2018). Biologic impact of mechanical power at high and low tidal volumes in
experimental mild acute respiratory distress syndrome. Anesthesiology 128,
1193-1206. doi:10.1097/ALN.0000000000002143

Scaramuzzo, G., Broche, L., Pellegrini, M., Porra, L., Derosa, S., Tannoia, A. P.,
et al. (2019). Regional behavior of airspaces during positive pressure reduction
assessed by synchrotron radiation computed tomography. Front. Physiol. 10, 719.
doi:10.3389/fphys.2019.00719

Schmittgen, T. D., and Livak, K. J. (2008). Analyzing real-time PCR data by the
comparative C(T) method. Nat. Protoc. 3, 1101-1108. doi:10.1038/nprot.2008.73

Shin, C. H,, Long, D. R., McLean, D., Grabitz, S. D., Ladha, K., Timm, F. P,, et al.
(2018). Effects of intraoperative fluid management on postoperative outcomes: A
hospital ~registry study. Ann. Surg. 267, 1084-1092. doi:10.1097/SLA.
0000000000002220

Steinberg, I, Pasticci, I., Busana, M., Costamagna, A., Hahn, G., Gattarello, S.,
et al. (2022). Lung ultrasound and electrical impedance tomography during
ventilator-induced lung injury. Crit. Care Med. 50, e630-e637. doi:10.1097/
CCM.0000000000005479

Thammanomai, A., Hamakawa, H., Bartolak-Suki, E., and Suki, B. (2013).
Combined effects of ventilation mode and positive end-expiratory pressure on
mechanics, gas exchange and the epithelium in mice with acute lung injury. PloS one
8, €53934. doi:10.1371/journal.pone.0053934

Vutskits, L., Clark, J. D., and Kharasch, E. D. (2019). Reporting laboratory and
animal research in ANESTHESIOLOGY: The importance of sex as a biologic
variable. Anesthesiology 131, 949-952. doi:10.1097/ALN.0000000000002945

Watson, L. E., Sheth, M., Denyer, R. F., and Dostal, D. E. (2004). Baseline
echocardiographic values for adult male rats. J. Am. Soc. Echocardiogr. 17, 161-167.
doi:10.1016/j.ech0.2003.10.010

Wiedemann, H. P., Wheeler, A. P, Bernard, G. R, Thompson, B. T., Hayden, D.,
deBoisblanc, B., et al. (2006). Comparison of two fluid-management strategies in
acute lung injury. N. Engl. J. Med. 354, 2564-2575. doi:10.1056/NEJM0a062200

Wierzchon, C., Padilha, G., Rocha, N. N., Huhle, R., Coelho, M. S., Santos, C. L.,
et al. (2017). Variability in tidal volume Affects lung and cardiovascular function
differentially in a rat model of experimental emphysema. Front. Physiol. 8, 1071.
doi:1043389/fphys.2017.01071

Yealy, D. M, Kellum, J. A., Huang, D. T., Barnato, A. E., Weissfeld, L. A,, Pike, F.,
et al. (2014). A randomized trial of protocol-based care for early septic shock. N.
Engl. J. Med. 370, 1683-1693. doi:10.1056/NEJMoa1401602

Yildizdas, D., and Aslan, N. (2020). Ultrasonographic inferior vena cava collapsibility
and distensibility indices for detecting the volume status of critically ill pediatric patients.
J. Ultrason. 20, €205-€209. doi:10.15557/JoU.2020.0034

Zhang, Z., Spieth, P. M., Chiumello, D., Goyal, H., Torres, A., Laffey, J. G., et al.
(2019). Declining mortality in patients with acute respiratory distress syndrome: An

analysis of the acute respiratory distress syndrome network trials. Crit. Care Med.
47, 315-323. doi:10.1097/CCM.0000000000003499

frontiersin.org


https://doi.org/10.1016/j.echo.2014.10.003
https://doi.org/10.1186/s40635-019-0222-9
https://doi.org/10.1186/s13613-018-0402-x
https://doi.org/10.1164/rccm.201908-1545CI
https://doi.org/10.1164/rccm.201908-1545CI
https://doi.org/10.1165/rcmb.2009-0210ST
https://doi.org/10.1097/CCE.0000000000000486
https://doi.org/10.1056/NEJMoa2202707
https://doi.org/10.1056/NEJMoa1500896
https://doi.org/10.1186/s13613-019-0552-5
https://doi.org/10.1152/japplphysiol.00424.2005
https://doi.org/10.1097/CCM.0b013e3181962d85
https://doi.org/10.1056/NEJMoa1404380
https://doi.org/10.1371/journal.pbio.3000411
https://doi.org/10.1002/bjs.6552
https://doi.org/10.1186/s12931-021-01811-y
https://doi.org/10.1186/s12931-021-01811-y
https://doi.org/10.1016/j.ajpath.2011.05.017
https://doi.org/10.1177/0885066608329850
https://doi.org/10.1152/jappl.1987.63.5.1711
https://doi.org/10.1097/ALN.0000000000000716
https://doi.org/10.1097/ALN.0000000000000716
https://doi.org/10.1097/ALN.0000000000002143
https://doi.org/10.3389/fphys.2019.00719
https://doi.org/10.1038/nprot.2008.73
https://doi.org/10.1097/SLA.0000000000002220
https://doi.org/10.1097/SLA.0000000000002220
https://doi.org/10.1097/CCM.0000000000005479
https://doi.org/10.1097/CCM.0000000000005479
https://doi.org/10.1371/journal.pone.0053934
https://doi.org/10.1097/ALN.0000000000002945
https://doi.org/10.1016/j.echo.2003.10.010
https://doi.org/10.1056/NEJMoa062200
https://doi.org/10.3389/fphys.2017.01071
https://doi.org/10.1056/NEJMoa1401602
https://doi.org/10.15557/JoU.2020.0034
https://doi.org/10.1097/CCM.0000000000003499
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.992401

	Biological impact of restrictive and liberal fluid strategies at low and high PEEP levels on lung and distal organs in expe ...
	Background
	Methods
	Study approval

	Animal preparation and experimental protocol
	Data acquisition and processing
	Transthoracic echocardiography
	Lung histology
	Quantification of heterogeneous airspace enlargement
	Perivascular edema
	Molecular biology of lung and kidney


	Statistical analysis
	Results
	Discussion
	Overview
	Effects of PEEP in the lungs

	Effects of the fluid strategy on the lungs
	Kidney injury markers
	Hemodynamics

	Clinical implications
	Limitations

	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


