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Abstract

Sepsis is frequently characterized by abnormal O2 uptake by red blood cells (RBCs) in the 

lung and/or dysregulated tissue O2 delivery by RBCs. New approaches are needed to improve 

O2 transport and clinical outcomes in sepsis with or without anemia. FT-4202 (etavopivat) is 

an allosteric RBC pyruvate kinase (PKR) activator (PKRA) previously shown to increase RBC 

ATP and decrease 2,3-BPG (bisphosphoglycerate), a negative allosteric effector of O2-binding 

by hemoglobin. We hypothesized that PKR activation could mitigate LPS (lipopolysaccharide)-

induced sepsis/ALI (acute lung injury) by preserving ATP and/or lowering BPG levels to 

promote O2 uptake. We measured systemic (body weight change, cytokines), renal/inflammatory 

(neutrophil gelatinase-associated lipocalin; NGAL), and respiratory responses to LPS ± FT-4202. 

FT-4202 protected mice from LPS-induced weight loss but not the hypoxemia. LPS-induced 

increases in albumin and neutrophilic myeloperoxidase (MPO) in mouse bronchoalveolar lavage 

fluid were significantly blunted in mice pre-treated with FT-4202. FT-4202 attenuated LPS-

induced elevations in the proinflammatory cytokines IFN-γ, IL-6, and TNF-α. FT-4202 attenuated 

LPS-induced elevations in the acute kidney injury (and/or inflammatory) marker NGAL. In RBCs 

from healthy mice, ex vivo FT-4202 treatment significantly increased intra-RBC ATP and ATP 

export. We conclude that the PKRA FT-4202 protected against systemic and respiratory (capillary 

permeability and neutrophil influx) features of sepsis induced by LPS in mice. FT-4202 promoted 

RBC ATP generation and export ex vivo, which could contribute to the favorable effects in 

LPS-induced sepsis.
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Etavopivat (FT-4202), a RBC-selective pyruvate kinase activator (PKRA), limited weight loss, 

inflammatory cytokines, NGAL elevation, and neutrophilia in a mouse sepsis model.

We show for the first time that a PKRA promotes ATP export from mouse RBCs, and this could 

contribute to the benefits of this RBC-directed therapeutic.
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INTRODUCTION

Oxygen (O2) uptake in the lung and O2 delivery peripherally depend on the efficient 

matching of blood flow to regional O2 availability in the lung and O2 consumption in 

respiring tissue. O2 uptake in the lung depends in part on the affinity of hemoglobin (Hb) 

for O2, which is modulated within red blood cells (RBCs) by acid-base status, temperature 

and the major hemoglobin-O2 allosteric modifier 2,3 bisphosphoglycerate (2,3-BPG; also 

termed 2,3-DPG). Changes in the P50 (PO2 at half-saturation) describe higher O2 affinity 

(in which the O2 dissociation curve (ODC) is “left-shifted”; with low P50) or lower O2 

affinity (right-shifted ODC; high P50). RBCs also export vasoactive mediators, such as 

ATP or nitrovasodilators (XNOs), in order to fine-tune O2 delivery by autoregulating their 

own flow (7, 29, 34) (36). This RBC-based metabolic control of the uptake (2,3-BPG) 

and delivery (ATP, XNO) arms of O2 homeostasis may be disrupted by RBC injuries, for 

example, via inflammation (5) or overwhelming oxidant stress. Depressed ATP production 

in RBCs in sepsis (20) may render them vulnerable to hemolysis (1), since RBC ATP 

is critical for cellular integrity. These and other RBC changes in sepsis may promote 

RBC-dependent contributions to the O2 transport dysfunction characteristic of sepsis. Sepsis 

impairs microcirculatory homeostasis, but the underlying cellular mechanisms are poorly 
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understood (3). We have demonstrated that impairment in the RBC’s ability to export ATP 

interferes with lung O2 uptake in part via RBC-endothelial adhesion in the lungs (37), 

recapitulating the acute lung injury (ALI) seen in pneumonia or upon transfusion of stored 

RBCs (31). Additionally, changes in the ability of RBCs to export ATP may modulate 

ALI by altering endothelial permeability, which is also sensitive to ATP (37). RBC ATP 

export takes place via pannexin 1 (PX1) hemichannels, and also influences hemodynamic 

responses to hypoxia (15), which may be critically dysregulated in septic shock. Thus, 

altered regulation of O2 transport by the RBC could contribute to sepsis physiology in an 

ATP- or BPG-dependent, and RBC-intrinsic or RBC-extrinsic, manner.

FT-4202 (etavopivat), an RBC-selective, allosteric pyruvate kinase activator (PKRA) and 

novel oral therapeutic, increased RBC ATP in a sickle cell disease mouse model (26), in 

nonhuman primates, in healthy humans, and in RBCs from patients with sickle cell disease 

(SCD) after ex vivo treatment (9, 24, 25). Within the PK activator drug class, mitapivat 

(AG-348, Agios) was approved by the FDA and the EMA to treat the red cell enzymopathy 

pyruvate kinase deficiency. The PK(R)As mitapivat/AG-348 and etavopivat/FT-4202 are also 

being evaluated in clinical trials for the treatment of hemoglobinopathies such as sickle 

cell disease (SCD) and thalassemia. Both increased ATP and decreased 2,3-BPG in RBCs 

can be achieved by activation of PKR in RBCs, as effected by FT-4202. The decrease in 

BPG (DPG) levels shifts the O2-binding curve leftward, reducing the propensity of sickle 

hemoglobin (HbS) to sustain deoxygenation and thus polymerization, in turn disfavoring 

RBC sickling and (potentially) downstream disease pathogenesis, including pain and end-

organ damage. In addition, the increase in RBC ATP levels may promote RBC survival and 

function. Higher levels of ATP in RBCs can enable higher ATP export upon demand (such 

as in tissue hypoxia)(14, 21).

We therefore hypothesized that the ALI and O2-transport dysfunction (including hypoxemia) 

in a mild mouse model of lipopolysaccharide (LPS)-induced sepsis and inflammation could 

be mitigated by one or both of the dual actions of PKR activation, namely via increased O2 

affinity (secondary to lower BPG) and/or the increased generation in and export from RBCs 

of vasoregulatory ATP, improving ALI, hypoxemia, and potentially O2 delivery. We tested 

this hypothesis by using a well-accepted and clinically relevant, sublethal mouse model of 

ALI and organ damage resulting from inhalation of LPS.

MATERIALS AND METHODS

Mice and procedures

Animal procedures and protocols were approved by the Animal Care and Use Committee 

at Duke University, and conformed to APS and Federal guidelines. C57BL/6J mice (strain 

000664, Jackson Laboratory) of both sexes, ages 12-29 weeks (median 21 weeks; 21.81 ± 

0.57 weeks, mean ± SEM;) were used. A total of 58 mice received either FT-4202 or its 

vehicle, 0.5% HPMC (hydroxypropyl-methyl cellulose; Sigma, St. Louis, MO), dissolved in 

sterile water, by gastric gavage, and LPS or its vehicle (PBS) administered oropharyngeally, 

in balanced factorial design. The experimental timeline is summarized in Supplemental 

Figure S1. The mouse ages, baseline body weights, and interventions were similar and 

evenly distributed across treatment and exposure groups (Supplemental Table S1A). Equal 
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numbers of male and female mice were included in each of the four subgroups. The only 

variation is that in the last experimental cohort in vivo (n = 10; also balanced), placement of 

arterial catheters was not performed (Supplemental Table S1B). FT-4202 (etavopivat, Forma 

Therapeutics; Forma was acquired by Novo Nordisk in October 2022) was prepared as a 

suspension in 0.5% HPMC and administered to mice by oral gavage daily at mid-day from 

Day 1 to Day 7. Half of the animals received daily 0.5% HPMC alone (vehicle control for 

FT-4202), and the other half received FT-4202 (in 0.5% HPMC) at 30 mg/kg daily on seven 

consecutive days. The daily gavage volume for each animal was 10 mL/kg body weight. The 

dosage and regimen were selected based on Forma’s recommendation based in turn on their 

studies of FT-4202 (25).

LPS-induced ALI in Mice

On Day 5 (~96 hours after the initial gavage) and at least 30 minutes after the daily 

gavages, mice in each group were anesthetized with isoflurane in an induction chamber, 

and the breathing rate was monitored (~60/min is ideal for this purpose). Once adequate 

anesthesia was established, oropharyngeal administration of either LPS (lipopolysaccharide, 

E. coli O111:B4 (12), Sigma, St. Louis, MO), 10 mg/kg, or its vehicle (PBS), was rapidly 

performed. The technique for oropharyngeal (o.p.) administration of LPS (2) had been 

adopted and used by the Duke Rodent Inhalation Core Facility (30) and our operator was 

trained by the Core personnel before the study started. Briefly, the anesthetized mouse is 

positioned ‘vertically,’ such that the head is higher than the chest. The tongue is gently 

retracted for airway access, and a pipette tip is positioned in the deep oropharynx. The 

solution is pipetted gently to the distal oropharynx. During each of the next two or three 

breaths, an inspiratory “click” is typically heard as the fluid droplet enters the trachea, 

confirming proper delivery. Gravity and inhalations are expected to direct the liquid bolus 

toward and down the trachea and into the lungs. The volume was 2 mL/kg body weight. The 

animals typically recover within two minutes after the procedure, resuming activities like 

moving around and chewing regular pellet food. Mice were then returned to their regular 

facility, and their body weights were measured daily thereafter. The daily gavages were 

repeated on Days 6 and 7, with daily dose adjustment based on the body weight that day.

Placement of Arterial Catheters and Endpoint Measurements

On Day 8 (72 ± 3 hours post-LPS/PBS administration) in each 8-day experiment cycle, 

four mice (one from each subgroup) were instrumented with carotid arterial catheters. The 

order in which mice were studied on Day 8 was randomized in order to avoid systematic 

errors affecting any subgroup, given that the terminal procedures on Day 8 required ~2 hours 

for each mouse. To ensure rigor and reliability, the mouse surgeon was blinded to animal 

(pre)treatment status until the completion of the procedures. Mice were initially anesthetized 

with 3% isoflurane in an induction chamber, then transferred for nose cone delivery of 

1-2% isoflurane on a surgical plate workstation, and monitored for breathing rate. When the 

mouse became unresponsive to toe-pinch, the left common carotid artery and right jugular 

vein were exposed by ventral midline incision from the lower mandible to the sternum. The 

left common carotid artery was cannulated with PE-10 tubing connected with PE-50 tubing 

(prefilled with heparinized 0.9% saline) in line with a blood pressure (BP) transducer (AD 

Instruments, MLT844). Carotid arterial blood pressure and respiratory rate were monitored 

Chen et al. Page 4

Am J Physiol Lung Cell Mol Physiol. Author manuscript; available in PMC 2026 May 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and recorded continuously with Windaq and LabChart data acquisition software. The blood 

oxyhemoglobin (HbO2) saturation (% SpO2) was simultaneously measured via noninvasive 

mouse-specific pulse oximetry (MouseOx, STARR Life Sciences Corp.) and recorded after 

the SpO2 and BP had equilibrated. First arterial, then venous blood samples (100 μL each) 

were collected. These were analyzed immediately using an iStat (Abbott) point-of-care 

blood gas analyzer.

Bronchoalveolar Lavage (BAL) and Cell Counts

Immediately after terminal harvest and acquisition of venous blood from the jugular vein, 

euthanasia of mice was performed by manual cervical spine dislocation. After confirming 

lack of respiration, BAL was performed. PE-60 tubing was used to cannulate the trachea. 

The tubing was connected to a 12-inch tubing segment from an infusion set. PBS was 

infused via the tubing by gravity from 20 cm above from a reservoir on a ring stand, until 

the lung reached ~total lung capacity. The fluid was then passively drained. The fill/drainage 

procedure was performed three times and the total drainage volume was recorded (30). 

RBCs from BAL fluid (BALF) were counted using a hemocytometer and a microscope. 

After lysing RBCs with 1x RBC lysis buffer (BioLegend, San Diego, CA), cells from 

the BALF were isolated by centrifugation (1500 x g, 10 min) and the supernatant was 

used for assay of albumin and myeloperoxidase (MPO). BALF cells were counted using a 

Cellometer K2 (Nexcelom Bioscience) and normalized to the total BALF volume. After cell 

counts were determined, the cells were immobilized by Cytospin technique, stained with 

Hemacolor (Fisherbrand), and counted in blinded (to treatment and exposure status) fashion 

to determine BALF white blood cell (WBC) differential (subset) counts and percentages.

FT-4202 Quantification in Plasma

For FT-4202 assay, 25 μL plasma was harvested from whole blood obtained at the terminal 

bleed on Day 8, stored at −80°C at least 24 hours, then shipped on dry ice to Alliance 

Pharma for assays. Frozen plasma was diluted in acetonitrile and analyzed by LC-MS/MS 

using an Agilent ZORBAX SB-Aq column.

Assays of ATP and BPG in RBCs

For the BPG and ATP combined assay, 15 μL RBCs from the terminal bleed on Day 

8 was stored at −80°C for at least 24 hours and shipped on dry ice to Charles River 

Laboratories for assay completion. Frozen RBCs were first lysed in water before the 

addition of methanol. Samples were diluted in acetonitrile and analyzed by LC-MS/MS 

using a Thermo Bio Basic AX column. The values were normalized to the RBC hemoglobin 

(Hb) concentration in the parent sample. The [Hb] was determined spectrophotometrically 

(FLUOstar Omega, BMG LABTECH, Ortenberg, Germany) as we have described (15). 

RBC ATP and DPG values were normalized to [Hb].

BALF Albumin and Myeloperoxidase (MPO) Assays

Mouse albumin ELISA Kit was used (catalog number E-90AL, Immunology Consultants 

Laboratory, Inc., Portland, OR) to measure mouse albumin in BALF and plasma. BALF 

to plasma albumin ratios were then calculated for each mouse. Mouse MPO ELISA kit 
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was used (Invitrogen catalog number EMMPO; ThermoFisher Scientific, Carlsbad, CA). 

Samples were diluted 2-fold with 1x Assay Diluent B provided in the kit. The assay limit of 

detection was 0.61 ng/mL.

Influence of FT-4202 Ex Vivo on Intra-RBC and Exported ATP of RBCs from Healthy Mice

Separately, venous blood obtained from a total of n=9 healthy C57BL/6J mice was 

centrifuged at 2700 x g for 3 minutes at 4°C, then washed twice with PBS. At the last wash, 

supernatant and the white blood cells layer (“buffy coat”) above the RBCs were aspirated. 

The remaining packed RBCs were estimated to have 70% hematocrit based on prior work. 

Mouse RBCs were resuspended at a final hematocrit 20% in Krebs buffer containing either 

25 μM FT-4202 or its vehicle (equivalent volume and concentration of DMSO) for 3 hours 

at 37°C. For RBC tonometry, a final hematocrit of 1% RBCs in Krebs buffer was used 

and the buffer contained 0.5% bovine serum albumin (Sigma). RBC suspensions were then 

equilibrated under normoxic (21% O2, 5% CO2, balance N2) or hypoxic (1% O2, 5% CO2, 

balance N2) conditions. Supernatant ATP was assayed as an index of RBC ATP export, and 

intracellular ATP was also assayed by luciferin/luciferase method (Sigma) after deliberate 

hypotonic RBC lysis as described (14, 15, 37).

Influence of FT-4202 Ex Vivo on RBC ATP and Adhesivity of RBCs from LPS-Exposed Mice

In order to conduct an alternative test of whether FT-4202-induced modulation of mouse 

responses to LPS could have taken place via changes in RBC ATP, we performed 

additional assays on blood from LPS-exposed mice. A separate group of n = 6 age 

(15-17 weeks)-matched, sex-balanced C57BL/6J mice received LPS 10 mg/kg, administered 

oropharyngeally to induce sepsis/ALI as described above. 72 hours after LPS administration, 

terminal venous blood was collected and processed identically to that from healthy mice 

(described in the preceding paragraph). The blood was then incubated with FT-4202 (final 

concentration, 25 μM) or its vehicle (equivalent volume and DMSO concentration) at 

37°C for 3 hours. Incubated whole blood was used for RBC adhesion assay, which was 

performed using ibidi microchannel slides coated with human laminin (L6274, Sigma) 

as previously prescribed (8). The remaining blood was washed twice with PBS. At the 

last wash, supernatant and the white cell layer above RBCs were aspirated. RBCs were 

suspended at a final hematocrit of 1% in normoxic or hypoxic Krebs buffer (containing 0.5% 

bovine serum albumin) for assay as described above.

Plasma Analytes, including Cytokines and Chemokines

Clinical chemistry assays for blood urea nitrogen (BUN), alanine transaminase (ALT), and 

gamma-glutamyl transpeptidase (GGT) in plasma were assayed using a Beckman Coulter 

analyzer via contract with IDEXX BioAnalytics (North Grafton, MA). Plasma lipocalin-2 

(neutrophil gelatinase-associated lipocalin, NGAL) was measured using a mouse NGAL 

ELISA kit (abcam catalog number ab199083, Waltham, MA). ICAM-1 was assayed using 

Bio-Plex Pro Mouse Cytokine ICAM-1 (catalog number 171GA010M) together with Th17 

standards (Bio-Rad catalog number 12010828), and for all others a 26-plex ProcartaPlex kit 

(Invitrogen catalog number EPXR260-26088-901) was used. Other than NGAL, the ELISAs 

were performed by Duke University’s Regional Biocontainment Laboratory (RBL), which 

received support for construction and renovation from the National Institutes of Health 
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(UC6-AI058607 and G20-AI167200), and facility support from the National Institutes of 

Health (UC7-AI180254).

Statistical Analyses

Statistics were performed primarily using GraphPad Prism 10; selected additional analyses 

were conducted using R (version 4.4.2). Figure legends and text (Results) indicate which 

tests utilized R. All values are reported as the individual data and mean ± SEM unless 

otherwise noted. Statistical detection of outliers (Grubbs test) led to the removal of one data 

point in the BALF albumin set and one in the NGAL set. Testing across exposure groups and 

treatment groups used two-way or repeated measures ANOVA or mixed-effects model, with 

main effects and interaction results indicated in brief text within each figure. Additionally, 

appropriate post-hoc 2-sample (or other) tests were performed and corrected for multiplicity 

(Bonferroni). Results from these post-hoc subgroup comparisons are indicated by symbols 

(n.s., *, **, etc.) above a bar indicating the contrasted subgroups. p < 0.05 (*) was 

considered statistically significant unless otherwise noted. ** indicates p < 0.01; *** 

indicates p < 0.001; **** p < 0.0001.

RESULTS

Plasma FT-4202 Levels

FT-4202 (etavopivat) concentration was assayed on Day 8 (the experiment’s termination) 

in 24 pre-selected mice, six from each group, and these assays confirmed elevated plasma 

FT-4202 levels (8.63 ± 3.42 ng/mL, mean ± SEM, Supplemental Figure S2) in the mice 

given FT-4202. By contrast, the FT-4202 level was undetectable (below the limit of 

quantification, or < 1.00 ng/mL) in the vehicle groups (overall p < 0.0001 for FT-4202 vs. 

vehicle (HPMC)). A trend toward greater FT-4202 levels after LPS did not reach statistical 

significance (Supplemental Figure S2).

Survival and Changes in Body Weight

Among 58 total mice in the in vivo experiment, five mice died (two on Day 5, and three on 

Day 8). Of the five deaths, two were in the Vehicle-PBS subgroup and there was one in each 

of the other three subgroups (no significant difference by group). At least three of the deaths 

were associated temporally with the procedures at various time points (for example, one 

death in the isoflurane induction chamber). There were no significant differences in survival 

curves (probability of survival) among the four sub-groups.

Body weight fell within 24 hours post-LPS, and fell significantly further on post-LPS 

Day 2, stabilizing by Day 3 (Figure 1A). Body weight was unchanged in the PBS (LPS-

free) control groups over the three days. Nonparametric ANOVA conducted in R assessed 

differences in the body weight changes between the Vehicle-PBS and Vehicle-LPS groups 

across multiple time points, with “time” included as a covariate, and revealed a significant 

difference in the body weight curves between these groups over time (p = 3.51x10−5). 

FT-4202 pre-treatment significantly protected mice from LPS-induced weight loss (Figure 

1A) as compared to the Vehicle-LPS group (p = 0.0024 by nonparametric ANOVA with time 

as covariate). Notably, since body weight data were available for all mice (including prior to 
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the three deaths), the number of mice contributing data for this variable was greater than for 

the other dependent (outcome) variables.

Mean Arterial Blood Pressure (MAP)

To evaluate the hemodynamic safety of FT-4202 during systemic inflammation, we 

performed invasive blood pressure monitoring on Day 8 (n = 45 mice; Figure 1B). 2-way 

ANOVA revealed no significant difference as a function of LPS exposure or FT-4202 

(pre)treatment. There were no statistically significant differences in MAP among the four 

subgroups (by multiplicity-corrected post-hoc testing). FT-4202 was well-tolerated and did 

not induce systemic hypotension. MAP was comparable across the Vehicle-PBS, Vehicle-

LPS, FT-4202-PBS, and FT-4202-LPS subgroups. In summary, minor differences in MAP 

were observed between groups, but these did not reach statistical significance (p > 0.05 by 

two-way ANOVA).

Influence of the PKRA FT-4202 on BALF Albumin and MPO and Lung Neutrophil Influx after 
LPS

Pulmonary responses to LPS and the influence of FT-4202 in mice are summarized in Figure 

2. LPS significantly raised BALF albumin and the BALF-to-plasma albumin ratio (2-way 

ANOVA), consistent with increased pulmonary capillary permeability (Figure 2A). LPS did 

not significantly alter plasma albumin (not shown). FT-4202 protected pulmonary capillary 

barrier function (i.e., it opposed permeability; p = 0.0044 for LPS-FT-4202 vs. LPS-Vehicle 

by post-hoc t-test). LPS elicited increases in total white blood cells (WBCs) in the BALF 

(Supplemental Figure S3A), and in the percentage of neutrophils among BALF WBCs. 

Percent neutrophils in BALF were non-significantly greater after LPS than after its vehicle 

(PBS) alone. In FT-4202-(pre)treated mice, neutrophil % tended to be lower after LPS than 

in mice given HPMC only (the FT-4202 vehicle) (Figure 2B). Mouse BALF supernatants 

were assayed for quantification of MPO (myeloperoxidase, a neutrophil marker), an index 

of neutrophilic infiltration into the airspaces. Overall, LPS near-significantly raised BALF 

MPO (p = 0.0601 by 2-way ANOVA). Among mice not pretreated with FT-4202, BALF 

MPO concentration was near-significantly (p = 0.0506) increased in mice given LPS group 

vs. those exposed only to PBS (the LPS vehicle). Increases in BALF MPO following 

LPS exposure were significantly smaller in mice pretreated with FT-4202 than in those 

pre-treated only with vehicle (Figure 2C).

BALF RBCs

LPS induced increases in RBCs in the BAL fluid. This effect was not significantly 

different in mice pretreated with FT-4202 vs. those administered vehicle (HPMC) alone 

(Supplemental Figure S3B).

O2 Desaturation In Vivo: Blood Gases and Pulse Oximetry

SpO2 (pulse oximetric blood O2 saturation, MouseOx) and arterial blood gases (ABG; iStat, 

Abbott) were measured on Day 8. SpO2 (pulse oximetric blood O2 saturation, Figure 3A) 

and arterial SaO2 (by ABG analysis, Figure 3B) were significantly decreased overall after 

LPS administration (2-way ANOVA). Post-hoc testing (Bonferroni-corrected), however, 
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revealed no significant differences in SpO2 or SaO2 when comparing the Veh-PBS subgroup 

to the Veh-LPS subgroup, or the Veh-LPS subgroup to the FT-4202-LPS subgroup. FT-4202 

had no significant effect on SpO2 or SaO2, either overall (2-way ANOVA: n.s.) or by 

post-hoc testing of the results in the LPS-Vehicle vs. LPS-FT-4202 subgroups (n.s.). PaO2 

did not differ as a function of LPS exposure or FT-4202 pre-treatment (both main effects n.s. 

by 2-way ANOVA). However, PaO2 was significantly depressed by LPS in the non-FT-4202-

treated subgroups (Figure 3C; Bonferroni-corrected post-hoc test). FT-4202 pretreatment did 

not significantly alter the PaO2 following LPS. There were no significant differences in 

venous blood gas results as a function of LPS or FT-4202 (PvO2 and SvO2; Supplemental 

Figure S4). Secondary data analyses indicate that, after considering baseline weight and 

weight change, sex significantly impacted the arterial PaO2 responses (p < 0.01; multiple 

linear regression performed in R) but did not significantly alter any other parameters.

RBC ATP and BPG in Mouse Blood Following LPS and the Effect of FT-4202

RBC ATP and BPG were assayed and expressed after normalizing to RBC [Hb]. Both LPS 

exposure and the administration of FT-4202 tended (non-significantly by 2-way ANOVA) 

to increase mouse RBC [Hb] as compared with their respective vehicles (Supplemental 

Figure S5), consistent with slight hemoconcentration, as reported previously in sepsis. The 

intra-RBC ATP level was significantly depressed and the RBC ATP/BPG ratio trended 

downward non-significantly following LPS in the subgroups not treated with FT-4202 (by 

post-hoc testing; Figure 4). Overall, LPS exposure and FT-4202 treatment had no effect 

on RBC ATP by 2-way ANOVA, but the interaction term was positive, consistent with 

the post-hoc differences in the untreated subgroups. FT-4202-treatment did not significantly 

alter the ATP/BPG ratio in LPS-exposed mice (Figure 4C). Neither LPS exposure nor 

FT-4202 treatment significantly changed the RBC BPG level (2-way ANOVA and post-hoc 

testing).

Cytokines, Chemokines, and ICAM-1

In mouse plasma harvested 72 hours after LPS exposure (endpoint), the pro-inflammatory 

cytokines interleukin (IL)-6, interferon (IFN)-γ, TNFα (Figure 5); and IL-12p70, IL-22, 

and eotaxin (Supplemental Figure S6A-C) were elevated significantly by comparison to 

those in mice exposed only to PBS, the LPS diluent (2-way ANOVA). In mice pre-treated 

with FT-4202, the LPS-induced increases in these cytokines/chemokines were significantly 

attenuated (range from p < 0.05 to p < 0.01 by Bonferroni-corrected post-hoc testing), 

with the exception of eotaxin (Figure 5 and Supplemental Figure S6A-C). By contrast, LPS 

did not induce significant changes in ILs-1, −2, −4, −5, −9, −10, −13, −17A, −18, −23, 

−27; IP-10, MIP-1α, MIP-1β, MCP-1, MCP-3, GM-CFS, GROα, RANTES, or intercellular 

adhesion molecule 1 (ICAM-1; Supplemental Figure S6D-X). FT-4202 did not significantly 

alter these cytokine/chemokine/adhesion molecules (Supplemental Figure S6D-X).

Influence of LPS and FT-4202 on the Inflammation/Acute Kidney Injury (AKI) Marker NGAL, 
BUN, and the Hepatic Markers ALT and GGT

Lipocalin-2, also known as neutrophil gelatinase-associated lipocalin (NGAL), is a 

biomarker of inflammation (23) and can serve as a biomarker of early acute kidney injury 

(32) and/or severe ARDS (acute respiratory distress syndrome) (27). LPS increased and 
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FT-4202 attenuated NGAL levels overall (Figure 6) and the interaction between exposure 

effect and FT-4202 effect was significant (2-way ANOVA). Mice in the LPS-Vehicle 

group had significantly elevated NGAL levels (Figure 6) compared to those in the PBS-

Vehicle group (p = 0.0002 by Bonferroni-corrected post-hoc testing). FT-4202 protected 

LPS-exposed mice from NGAL elevation (p = 0.0004 by Bonferroni-corrected post-hoc 

testing). Blood urea nitrogen (BUN) fell following LPS (Figure S7A), possibly reflecting 

nutritional and other negative effects of their acute illness. The BUN decreases were 

significantly eliminated by FT-4202 treatment, possibly reflecting preserved nutrition (and 

consistent with the body weight data). We could not measure creatinine accurately because 

our saved plasma contained EDTA. The hepatic injury markers ALT and GGT did not rise 

significantly after LPS, nor did they differ significantly in mice receiving FT-4202 (Figure 

S7B-C).

Influence of Ex Vivo FT-4202 on RBC ATP and ATP Export in Blood from Healthy or LPS-
exposed Mice

FT-4202 (25 μM) applied to healthy mouse blood ex vivo increased intra-RBC ATP as 

compared to vehicle treatment (Figure 7A–B, p = 0.0262 by paired t-test), and increased the 

supernatant ATP concentration (p = 0.0088 by paired t-test; Figure 7C–D) as compared to 

vehicle (equivalent volume and concentration of DMSO) alone for 3 hours at 37°C. RBC 

lysis did not differ as a function of FT-4202 treatment and was low (<1%) in both conditions 

(not shown). We also measured RBC ATP in the blood of mice exposed 72 hours earlier to 

LPS (in a separate cohort of mice) after incubating the harvested blood with either FT-4202 

or vehicle. The rationale was to determine whether RBC ATP and RBC function (adhesivity) 

changed after PKRA exposure in blood from LPS-exposed mice as a first step in considering 

whether changes in RBC ATP could contribute to the protective effects of the PKRA in 

LPS-exposed mice. We performed these assays on RBCs in both normoxia or hypoxia, given 

the O2-sensitivity of RBC ATP generation and export (15, 34). Ex vivo exposure to FT-4202 

significantly increased RBC ATP, assayed in either normoxia or hypoxia, in the blood of 

mice exposed to LPS (Figure 7E; 2-way ANOVA and Bonferroni-corrected post-hoc test). 

FT-4202 did not alter the adhesivity of RBCs from these mice (plotted as % adhesion in 

Figure 7F; the absolute cell counts are plotted in Figure S8) by 2-way ANOVA. Notably, 

RBC adhesivity was low in blood from all LPS-exposed mice (“adhesion” is difficult to 

distinguish from stasis at the extremely low shear rate of 0.1 dyn/cm2).

DISCUSSION

Pulmonary or systemic exposure to the E. coli endotoxin lipopolysaccharide (LPS) is a 

well-accepted and reproducible model of ALI and sepsis (17). Mice receiving oropharyngeal 

LPS administration in our study displayed cardinal inflammatory features of ALI and 

sepsis, as measured using standardized and widely accepted systemic (body weight, plasma 

cytokines), inflammatory (NGAL), and pulmonary/ALI parameters (blood oxygenation, 

neutrophil influx into the lung, and BALF albumin and MPO) (17). The mild to moderate 

changes after LPS included body weight loss, increased BALF albumin, increased BALF 

WBC and RBC counts, neutrophilic predominance among the BALF WBCs, elevated 

BALF supernatant MPO (an index of neutrophilic infiltration into the alveolar airspaces), 
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increased pro-inflammatory cytokines in plasma, and modestly impaired blood oxygenation 

as measured by both mouse-specific pulse oximetry and blood gas analysis. Plasma NGAL 

was also elevated after LPS, consistent with, but not highly specific for, acute kidney 

injury and/or ARDS. The neutrophilic protein biomarker NGAL can rise in ARDS (27), 

early AKI, or even in simple inflammation (32). The PKRA etavopivat (FT-4202) protected 

the mice from LPS-induced weight loss, tended to reduce the frequency and degree of 

lung neutrophilia after LPS, protected pulmonary capillary barrier function (reduced BALF 

albumin elevation), and mitigated elevation of proinflammatory cytokines in the circulation. 

FT-4202 might have also protected the mice from AKI, but alternatively the decrease in 

NGAL may reflect a simple anti-inflammatory action. We did not measure food or water 

intake in the study, and therefore cannot comment on whether the protection from weight 

loss involved superior intake, but the preserved BUN supports the assertion that preserved 

nutrition played a role. The lung MPO increase following LPS was also attenuated by 

pretreatment with the PKRA FT-4202, corroborating the finding of LPS-driven BALF 

neutrophilia and the trend toward its attenuation by FT-4202 treatment.

Our study is not the first to document substantial heterogeneity in murine pulmonary 

responses to directly or indirectly inhaled (oropharyngeal) LPS, up to and including a 

complete lack of neutrophilic response in a subset of the exposed mice (13). Interestingly, 

plasma NGAL elevation was more frequent that BALF MPO or neutrophilia increases, 

highlighting variability even among neutrophilic markers of modeled sepsis. Neither LPS 

nor FT-4202 (nor the two in combination) significantly lowered blood pressure measured 

three days after LPS. This is an important safety consideration in sepsis and models 

of sepsis, which can feature hypotension (septic shock). The small magnitude of the 

non-significant trends toward lower blood pressures in the PKRA-treated groups was not 

consistent with clinical harm. Notably, healthy volunteers treated with FT-4202 for seven 

days displayed significant but modest decreases in blood pressure (33).

The RBC’s metabolic and antioxidant activities are unique, reflecting its specialized and 

essential role. In healthy mature RBCs, ATP is generated exclusively via glycolysis, as 

mitochondria are functionally absent. PKLR activation increases production of ATP from 

ADP in the RBC, while decreasing BPG (25, 26). The decreases in BPG are driven 

by reduced flux through the Rapaport shunt (that generates BPG) as a consequence 

of PKR activation-induced increase in glycolytic flux. Such a reduction in BPG levels 

could be protective in some conditions generating hypoxemia by “left-shifting” the Hb-O2 

dissociation curve, since BPG normally operates as a negative (right-shifting) allosteric 

effector. In healthy human volunteers, FT-4202 increased Hb-O2 affinity (10) and acted to 

preserve blood oxygenation during hypoxic breathing (33), consistent with this mechanism. 

These changes are consistent with the drug’s mechanism of action. We had hypothesized 

that PKR activation could mitigate the hypoxemia following LPS by shifting the RBC 

Hb O2-binding curve leftward (promoting higher SO2 at a given PO2) via lowering BPG 

levels in the RBC (25, 35). In the current study, however, FT-4202 given for seven days 

did not significantly prevent the modest decreases in SpO2 and PaO2 in mice 3 days after 

exposure to LPS. Blood gas-derived calculated SaO2 values (but not the SpO2 readings) 

were also unaffected by FT-4202. The PaO2 response to LPS was significantly influenced by 

sex, consistent with previous reports in humans (19). Specifically, males displayed a more 

Chen et al. Page 11

Am J Physiol Lung Cell Mol Physiol. Author manuscript; available in PMC 2026 May 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



profound decrease in PaO2 after LPS, even after accounting for baseline weight and weight 

change over time. Other endpoints did not display sex-dependent differences, but the study 

was not powered to test such differences. We deliberately studied equal numbers of female 

and male mice in an effort to promote study generalizability and balance.

Among the possible reasons for the lack of a protective effect of FT-4202 on post-LPS 

hypoxemia (low SpO2), it is notable that BPG levels in RBCs at Day 8 did not differ 

significantly as a function of FT-4202 treatment or LPS exposure. Similarly, blood ATP 

values were not significantly increased in mice after seven days of FT-4202 in the current 

study, contrary to our expectation. The reason for these unexpected findings is not clear. 

The FT-4202 levels we measured (~9 ng/mL) were near those assayed in studies of healthy 

humans showing that BPG levels were significantly depressed (25, 33). By contrast, in the 

present study, the blood ATP and BPG assays were performed ~20 hours after the last 

dose of FT-4202, therefore the mediator levels represent relative trough values and may 

not correspond to upstream drug levels or the downstream cell signaling effects. Notably, 

ATP was significantly decreased after LPS in the present study, a change that was not 

significantly attenuated in mice pretreated with FT-4202. The ATP/BPG ratio may serve 

as a better index of PKR modulation than either metabolite alone, and changes in the 

ratio corresponded to pharmacologic actions of FT-4202 in vivo in other work in mice 

and humans (25, 26, 33). Notably, the power in our study to detect significant changes in 

ATP and BPG (and their ratio) was also limited by the smaller sample size (n = 6 per 

subgroup) for these variables. By contrast, at least 10 mice (that is, all of the survivors) in 

each subgroup yielded all other data (including blood gases, pulse oximetry, lung neutrophil 

indices, BALF albumin and MPO, plasma cytokines, blood pressure and body weight) 

except for drug levels.

Mouse RBCs treated with the RBC-specific PK activator FT-4202 ex vivo displayed 

significant increases in both intra-RBC ATP and in RBC ability to export ATP. Increases 

in RBC ATP export in response to FT-4202 could have contributed to the protective effects 

of FT-4202 that we observed, and may have also contributed to the lack of increased 

ATP (or decreased BPG) within the RBCs at the time we assayed them. In our studies of 

FT-4202’s actions ex vivo, the 25 μM concentration we selected corresponds to 11.4 mg/L, 

possibly below the peak concentrations generated by the FT-4202 dosing (30 mg/kg/d) we 

administered in vivo to mice. In mice exposed to LPS, blood harvested 72 hours later 

responded to FT-4202 with increased RBC ATP, lending plausibility to the proposition that 

the beneficial effects we observed were in fact RBC-ATP-mediated. Taken together, these 

findings support the proposition that the lack of RBC ATP increase in the main in vivo 
treatment experiment related to trough sampling. Caveats apply to the comparison of a 

single ex vivo dose with daily in vivo dosing, but the ex vivo experiments were designed to 

match (but not exceed) the per-dose exposure used in vivo.

Platelets are also capable of exporting ATP (28), and we cannot rule out a contribution of 

platelets in vivo or ex vivo (when centrifugation at 2700 x g was likely to move platelets into 

the pellet from which we collected RBCs). However, given both the vastly greater cellular 

mass of RBCs (~200-fold over that of platelets in whole blood) and the O2-dependence of 

the ATP export behavior we demonstrate here and that we and others have demonstrated 
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previously (6, 7, 37), the exported ATP is likely to be primarily erythrocytic in origin, 

particularly in response to the RBC-selective PK activator FT-4202.

Despite the lack of significant protection from LPS-induced mild hypoxemia, we did 

observe significant protective effects of FT-4202 against LPS-induced body weight loss, and 

increases in the inflammation marker NGAL and the pro-inflammatory cytokines IFN-γ, 

IL-6, and TNF-α. FT-4202 also tended to prevent neutrophil influx into the lungs and 

near-significantly (p = 0.0506) attenuated the appearance of (neutrophilic) MPO in the 

lungs. FT-4202 protected the mice from LPS-induced elevations in BALF albumin that 

reflect increased pulmonary capillary permeability. We do not know the reason for the 

disconnect between the apparent pro-barrier, anti-inflammatory and systemic effects of 

FT-4202, on one hand, and the lack of favorable effects on pulmonary/respiratory indices 

such as blood oxygenation, on the other hand. The divergent effects may reflect residual 

ventilation-perfusion mismatching or intrapulmonary shunting of blood flow secondary 

to the mild post-LPS acute lung injury driven by the residual lung neutrophilia. These 

conditions are expected to be either only partially (VQ mismatch) or completely (shunt) 

irremediable by shifting the ODC leftward via decreases in BPG. FT-4202 applied to whole 

blood ex vivo did not alter the adhesivity of RBCs from mice exposed to LPS, which 

was notably low. Taken together, our findings are consistent with the possibility that anti-

inflammatory, pro-barrier ATP exported by RBCs, rather than increased intra-RBC ATP or 

decreased BPG alone, drove the protective effects of the PKRA on changes in body weight 

and lung, (possible) renal, and systemic inflammatory responses to LPS.

The specific mechanism(s) whereby the PKRA protected mice from these respiratory (ALI) 

and systemic sequelae of modeled sepsis are uncertain. However, given that FT-4202 is 

selective for PKLR, and that PK(L)R is unique to the RBC (and liver), the possible 

mechanisms are finite. It is possible that the beneficial effects of FT-4202 in this model 

took place in part through interactions between RBCs and immune cells. RBCs export ATP 

basally and in response to stimuli such as hypoxia, and the exported ATP can modulate a 

variety of immune cell responses indirectly (via its metabolites, ADP, AMP and adenosine) 

or directly (18, 22). Extracellular purines, including ATP, play widely varying roles in ALI, 

sepsis and other inflammatory states. ATP itself can act as a DAMP (damage-associated 

molecular pattern)(4, 13). Alternatively, endogenous or exogenous adenosine or ATP (11) 

may be protective in ALI and sepsis, including the associated weight loss. We measured 

blood ATP and BPG only at endpoint, but even transiently augmented intra-RBC ATP 

secondary to PKR activation could have facilitated an improved ability of RBCs to export 

ATP (14). We previously demonstrated that RBC ATP export acts to limit endothelial 

adhesivity of RBCs in lung microvessels in vivo in mice, and that inhibition of RBC 

ATP export leads to extravasation of RBCs into the alveolar airspace and impaired blood 

oxygenation, resulting in hypoxemia (37). But the beneficial effects of PKR activation do 

not appear to involve changes in RBC adhesivity, which was quite low in blood from these 

mice after LPS and unaltered by FT-4202. ATP can reinforce pulmonary endothelial barrier 

function (prevent excessive permeability)(22). The anti-permeability effects of ATP could 

act to preserve lung function, including limiting neutrophil influx (16). We did not observe 

major hemolysis in the LPS-exposed mice, nor was there a significant tendency of FT-4202 / 
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etavopivat to prevent the very low levels of RBC lysis measured in both LPS-exposed and 

unexposed mice.

Limitations

We tested the influence of FT-4202 on the systemic, renal and respiratory (ALI) sequelae 

of LPS exposure in a pre-treatment/preventive mode only. Future work examining whether 

this or other PK(R)As can be used in “rescue” mode (that is following LPS or another sepsis 

model/ALI stimulus) is rational. Unexpectedly, RBC ATP and BPG were not significantly 

changed in vivo. Our trough (20 hour) assays likely missed the peak changes, but in blood 

from mice exposed 72 hours earlier to LPS, we did demonstrate RBC ATP elevation by ex 
vivo exposure to FT-4202. The primary mechanisms of action (increasing ATP and lowering 

BPG) and RBC-specificity of this PKRA are already well established. Another significant 

limitation is that LPS exposure is an imperfect model of sepsis. Nonetheless, modeled sepsis 

secondary to this bacterial wall component was in fact present, as evidenced by weight loss, 

elevation of inflammatory markers, and acute lung injury and dysfunction. Sepsis is highly 

heterogeneous clinically, with variables related to both pathogen and host factors. Future 

studies using other animal sepsis models are needed, as is relevant clinical investigation.

Conclusions

In summary, we demonstrated in a post-LPS mouse model of ALI and sepsis that 

pretreatment with the PKR activator FT-4202 (etavopivat) attenuated increases in pro-

inflammatory cytokines and NGAL in plasma and lung MPO, mitigated LPS-induced 

increases in lung permeability, and protected the mice from body weight loss. These 

favorable effects apparently did not take place via prevention of (the mild) hypoxemia, 

which we observed in mice after LPS exposure irrespective of etavopivat/FT-4202 

pretreatment. Future work investigating the potential anti-inflammatory, pro-barrier, organ-

protective and respiratory/pulmonary effects of PKRAs in animal and human sepsis is 

rational. The observation that a RBC-directed, ATP-augmenting therapeutic can modify 

responses to LPS suggests a role for ATP in and/or exported from RBCs in modulating host 

inflammatory, respiratory and vascular events under conditions modeling sepsis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Changes in mouse body weight and mean arterial blood pressure (MAP) as a function of 

lipopolysaccharide (LPS) exposure ± FT-4202 (pre)treatment. (A) Body weight changes 

after administration of LPS or PBS on Day 5 (~96 hours after initial gavage). Mice were 

also given either vehicle (HPMC) or FT-4202 daily by gavage on Days 1-7. n = 12-16 

per group. 2-way nonparametric ANOVA results: p < 0.001 for LPS effect (vs. PBS); p 
< 0.01 for Rx (FT-LPS vs. Vehicle-LPS); p = 0.0122 for interaction p < 0.025 comparing 

Vehicle-LPS group vs. the Vehicle-PBS group (Wilcoxon Rank Sum test) on Days 2 and 
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3. Analyses for A were conducted in R. (B) MAP (mmHg) at endpoint on Day 8. n = 

10-12 per subgroup. No significant difference was detected among the subgroups, using 

2-way ANOVA and post-hoc t-testing (horizontal bars; n.s.) with correction for multiplicity 

(analyses were conducted in Prism).
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Figure 2. 
Bronchoalveolar lavage fluid (BALF) albumin (A; expressed as a ratio to the respective 

plasma value), % neutrophils (B) and myeloperoxidase (MPO; C) at Day 8 (i.e., 72h after 

the Day-5 exposure to LPS or PBS). Mice were also given either vehicle (HPMC) or 

FT-4202 daily by gavage on Days 1-7. Albumin and MPO were assayed in the BALF 

supernatant and neutrophils/WBCs in the cell pellet. 2-way ANOVA results are shown, as 

well as n.s. or p-values from selected post-ANOVA, Bonferroni-corrected t-tests.
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Figure 3. 
Influence of FT-4202 on blood oxygenation in response to LPS at Day 8. Mice were gavaged 

daily on seven days with either FT-4202 or its vehicle. Mice were also exposed to either 

LPS or PBS on Day 5. (A) SpO2 from pulse oximetry (MouseOx). Arterial blood gas 

results (iStat) are: calculated SaO2 (B) and measured PaO2 (C). *, p < 0.05 for LPS vs. the 

respective PBS group by post-ANOVA, Bonferroni-corrected t-test.
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Figure 4. 
Mouse RBC ATP, 2,3-BPG, and the ATP / 2,3-BPG ratio following LPS and the effect 

of FT-4202. Blood was sampled at terminal harvest on Day 8. Values are normalized to 

the respective Hb values. Mice were gavaged daily on seven consecutive days with either 

FT-4202 or its vehicle, and were exposed to either LPS or PBS (vehicle for LPS) on Day 

5. *p < 0.05 for LPS vs. the respective PBS group by post-ANOVA, Bonferroni-corrected 

t-test.
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Figure 5. 
Selected, pro-inflammatory cytokines in plasma on Day 8 as a function of LPS exposure (vs. 

PBS only) and FT-4202 pretreatment (vs. HPMC (vehicle) only). *, p < 0.05 by unpaired, 

Bonferroni-corrected t-test performed following 2-way ANOVA.
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Figure 6. 
Plasma NGAL was assayed at Day 7 endpoint from mice pre-treated with FT-4202 or 

vehicle (Days 1-7) and exposed 72 h prior to endpoint to LPS or its vehicle (PBS) delivered 

o.p. 2-way ANOVA results are shown, as well as the results from selected post-ANOVA, 

Bonferroni-corrected t-tests.
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Figure 7. 
A-D, Influence of ex vivo FT-4202 treatment on intra-RBC ATP and RBC supernatant ATP. 

RBCs from healthy C57BL6/J mice were incubated with FT-4202 (25 μM) or its vehicle 

(DMSO), then suspended at 1% hematocrit for 8 mins in Krebs buffer equilibrated with 

21% O2/5% CO2/balance N2. Intra-RBC ATP was assayed (A-B). Supernatant from the 

suspensions was collected by centrifugation, and assayed for [ATP] (C-D). RBC lysis did 

not differ between the two groups (not shown). Paired t-tests were used. For visual clarity, 

identical data are shown in the left-sided panels (indicating paired individual data, A and C) 
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and the right-sided panels B and D (showing mean ± SEM). E-F, Blood from mice exposed 

72 hours earlier to LPS was harvested for (E) RBC ATP and RBC adhesivity (F) assays 

(laminin substrate; ibidi chips) as described as a function of ex vivo FT-4202 exposure. 

Repeated-measures ANOVA and mixed effects analyses were used. n=9 in A-D, n=6 in E 
(2-way ANOVA with post-hoc t-testing), and n=5-6 in F (2-way ANOVA with post-hoc 

t-testing).
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