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Introduction
The clinical importance of  ventilator-induced lung injury (VILI) was established when a randomized 
controlled trial reported that mechanical ventilation (MV) with high tidal volume (i.e., injurious MV) was 
associated with a 9% absolute increase in mortality of  patients with acute respiratory distress syndrome 
(ARDS) (1, 2). Evidence later accumulated that VILI can take place even in patients without previously 
damaged lungs (3–5). At the cellular level, VILI induces necrotic cell death (6, 7). However, the contri-
bution of  necroptosis, a programmed form of  necrotic cell death that is regulated by receptor-interact-
ing protein-3 kinase (RIPK3) and mixed-lineage kinase domain-like pseudokinase (MLKL) (8, 9), in the 
development of  VILI has not been defined. Although the necroptosis-related molecules (such as RIPK3 
and MLKL) have been studied in several animal models of  disease, conclusive evidence to support their 
role in human disease, including VILI, is lacking (9). Here, we hypothesized that necroptosis-related mol-
ecules contribute to the pathogenesis of  VILI and that there is an association among these molecules, 
VILI, and impaired fatty acid oxidation (FAO). To test this hypothesis, we measured the plasma levels of  
RIPK3 and MLKL in two cohorts of  patients hospitalized in the intensive care unit (ICU). In addition, 
we explored the roles of  necroptosis-related molecules and impaired FAO in mouse VILI.

Results
To explore the involvement of  necroptosis-related molecules in human VILI, plasma was collected from 
155 individuals enrolled in the WCM Biobank and Registry of  Critically Ill Patients, an ongoing prospec-
tive cohort of  patients hospitalized in a medical ICU (10). Information on the characteristics of  enrolled 
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individuals is displayed in Table 1. Fifty-one (33%) of  the enrolled patients were undergoing MV at the time 
of  blood draw. RIPK3 levels in plasma were higher in patients with MV (i.e., those prone to VILI) com-
pared with patients without MV (i.e., those less likely to have VILI) (Figure 1A). In contrast, plasma recep-
tor-interacting protein-1 kinase (RIPK1) levels were not different between patients with MV versus those 
without MV (Figure 1B), and there was no correlation between plasma RIPK3 and RIPK1 levels (Figure 
1C). This was also the case for plasma MLKL levels. Plasma MLKL levels were not different between 
patients with MV versus those without MV (Figure 1D), and there was no correlation between plasma 
RIPK3 and MLKL levels (Figure 1E). Plasma RIPK3 levels were also measured in 199 individuals enrolled 
in the BWH Registry of  Critical Illness (Boston, Massachusetts, USA), an ongoing prospective cohort 
of  patients hospitalized in a medical ICU (11, 12). One hundred and twenty-eight (64%) of  the enrolled 
patients had sepsis and 34% were undergoing MV at the time of  blood draw (Table 1). Similar to the WCM 
cohort, plasma RIPK3 levels of  patients enrolled in the BWH cohort were higher in subjects with MV 
versus those without MV (Figure 2A). VILI is more likely to occur and has more serious consequences in 
patients with ARDS (2). We found that plasma RIPK3 levels were higher in subjects with ARDS versus 
those without ARDS (Figure 2B). Because RIPK3 may be involved in sepsis and therefore presence of  sep-
sis may alter plasma levels of  RIPK3 (13, 14), we focused on the subgroup of  patients who were diagnosed 
with sepsis, and we found the same result; plasma RIPK3 levels were higher in subjects with MV versus 
those without MV (Figure 2C). Consistently, a multivariable regression analysis demonstrated that MV was 
a statistically significant independent predictor of  elevated RIPK3 levels in plasma of  critically ill patients 
after adjustment for potential confounders, such as sepsis (Supplemental Table 1; supplemental material 
available online with this article; https://doi.org/10.1172/jci.insight.97102DS1). Taken together, human 
studies suggest that the necroptosis-related molecule RIPK3, but not RIPK1 or MLKL, is elevated in plas-
ma of  critically ill patients, who undergo MV and are therefore prone to VILI.

To explore the involvement of  necroptosis-related molecules in mouse VILI, we defined the responses of  
mice deficient in these molecules (namely, RIPK3, RIPK1, and MLKL) after injurious MV. Under baseline 
conditions, there was no difference between Ripk3–/– and WT mice in terms of  body weight and total protein 
concentration in the bronchoalveolar lavage fluid (BALF) (Supplemental Figure 1, A and B). Injurious MV 
increased RIPK3 expression in the lung, as assessed by immunohistochemistry (Supplemental Figure 2). In 
accordance with previous studies using WT animals (11, 15), ventilation with high tidal volume (i.e., injurious 
MV), as opposed to ventilation with low tidal volume, led to VILI manifested by impaired lung mechanics, 
increased alveolar capillary permeability, and inflammation. These responses to injurious MV were attenu-
ated in Ripk3–/– mice (Figure 3 and Supplemental Figure 3, A and B). As compared with WT mice, Ripk3–/– 
mice sustained a lower increase in lung parenchymal elastance (an indication of  less impaired lung mechan-
ics) (Figure 3A), a higher inspiratory capacity (a surrogate of  less lung edema formation) (Figure 3B), a lower 
increase in tissue damping (another indication of  less impaired lung mechanics) (Figure 3C), a lower total 
protein concentration in BALF (a surrogate of  less impaired alveolar capillary permeability) (Figure 3D), and 
decreased markers of  inflammation, such as IL-6 in BALF (Supplemental Figure 3, A and B). In addition, 

Table 1. Characteristics of patients in the two cohorts

WCM BWH
Number of patients, n 155 199

Female, n (%) 72 (47) 85 (43)
Age, yr, median (IQR) 64 (51–74) 61 (48–71)

European descent, n (%) 96 (62) 150 (75)
Malignancy, n (%) 68 (44) 82 (41)

Mechanical ventilation, n (%)A 51 (33) 67 (34)
Vasopressors, n (%)A 72 (47) 67 (34)

Sepsis, n (%) 117 (76) 128 (64)
ARDS, n (%) 26 (17) 24 (12)

In-hospital mortality, n (%) 31 (20) 35 (18)
AWithin 24 hours after admission in the ICU. WCM, Weill Cornell Medicine; BWH, Brigham and Women’s Hospital; IQR, interquartile range; ARDS, acute 
respiratory distress syndrome.
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lungs of  Ripk3–/– mice may be resistant to necrosis associated with injurious MV, as evidenced by reductions 
in the release of  lactate dehydrogenase (LDH) (Figure 3E) and chromatin protein high-mobility group B1 
(HMGB1), a marker of  necrosis (Figure 3F), in BALF compared with WT mice (16–18).

Because RIPK1 has been shown to form a complex with RIPK3, the necrosome, which has a pivotal 
role in necroptosis (19), we investigated the possible involvement of  RIPK1 in the pathogenesis of  VILI. 
Since Ripk1–/– mice die shortly after birth (20), Ripk1+/– mice were used. Ripk1+/– mice were not protected 
against injurious MV compared with Ripk1+/+ mice (Supplemental Figure 4, A–E). This conclusion was 
further supported by the failure of  necrostatin-1, a RIPK1 inhibitor (21), to confer protection against VILI 
(Supplemental Figure 5, A–E).

Because MLKL is considered a key component of  necroptosis (22), we then tested whether MLKL is involved 
in the pathogenesis of  VILI. We found that compared with Mlkl+/+ mice, Mlkl–/– mice undergoing injurious  

Figure 1. Elevation of plasma RIPK3, but not RIPK1 or MLKL, levels in mechanically ventilated patients in the intensive care unit. (A) RIPK3 levels were 
plotted for patients with versus without mechanical ventilation (MV) in the Weill Cornell Medicine (WCM) cohort (n = 155). (B and C) For the WCM cohort, 
plasma RIPK1 levels were (B) plotted for patients with versus without MV and (C) correlated with plasma RIPK3 levels (n = 40). (D and E) For the WCM 
cohort, plasma MLKL levels were (D) plotted for patients with versus without MV and (E) correlated with plasma RIPK3 levels (n = 111). Red bars represent 
mean ± SEM. Statistical significance was calculated using Mann-Whitney U (A, B, and D) and Pearson’s correlation (C and E) tests.

Figure 2. Elevation of plasma RIPK3 levels in mechanically ventilated patients in the intensive care unit (validation cohort). (A) RIPK3 levels were 
plotted for patients with versus without mechanical ventilation (MV) in the Brigham and Women’s Hospital (BWH) cohort (n = 199). (B) For the BWH 
cohort, RIPK3 levels were compared in patients with versus without acute respiratory distress syndrome (ARDS) (n = 199). (C) For the BWH cohort, 
RIPK3 levels were compared in patients with versus without MV among those who had sepsis (n = 128). Red bars represent mean ± SEM. Mann-Whit-
ney U test was used for all comparisons.
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MV were not protected against VILI (Figure 4 and Supplemental Figure 6). Taken together, these results 
indicate that RIPK3, but not RIPK1 or MLKL, may be indispensable in the pathogenesis of  VILI in mice.

The above studies demonstrate that VILI is associated with RIPK3, and RIPK3 has been previously 
postulated to be linked to fatty acid metabolism (23). Thus, we next conducted studies to explore whether 
FAO is altered during VILI. In a human cohort of  medical ICU patients (24), the ratio of  free carnitine to 
palmitoylcarnitine plus oleylcarnitine [C0/(C16+C18)] was calculated in plasma. Elevation in this ratio 
is used as a newborn screening test for carnitine palmitoyl transferase (CPT1) deficiency in humans (25). 
We found that patients with ARDS had a higher C0/(C16+C18) ratio than those without ARDS (Figure 
5A), and the trend persisted when the comparison involved patients with MV versus those without MV 
(Supplemental Figure 7). These findings suggest that CPT1 deficiency may be present in patients who are 
likely to have VILI. Interestingly, there was an association between the increase in the C0/(C16+C18) ratio 
(a marker of  CPT1 deficiency) and the increase in plasma RIPK3 levels in critically ill patients (Figure 5B). 
Given that CPT1 mediates the rate-limiting step of  β-oxidation of  fatty acids through the control of  their 
mitochondrial uptake (26, 27), the above results suggest that VILI may be associated with deregulated FAO 
in humans and that RIPK3 may play a role in this association. In an animal model of  VILI, gas chroma-
tography and liquid chromatography combined with detection by mass spectrometry were performed, and 
it was found that long-chain fatty acids, such as palmitic, palmitoleic, and linoleic acid, were elevated in 
lung tissue of  mice exposed to injurious MV compared with controls (Figure 6A). In addition, free fatty 
acids were elevated in BALF of  mice exposed to injurious MV as opposed to controls, but this increase 
was attenuated under conditions of  RIPK3 deficiency (Figure 6B). Interestingly, there was a strong positive 
correlation between the free fatty acids in BALF and the severity of  lung injury (as assessed by the BALF 
protein) (Figure 6C). The above results suggest that VILI may be associated with impaired FAO and, con-
sequently, with an increase in fatty acids in mouse lung and that RIPK3 may play a role in this association.

To further support this conclusion, we tested the effect of the impairment of FAO, achieved by inhibition of  
CPT1, on the development of VILI. Cpt1–/– mice are embryonically lethal, and, therefore, chemical inhibition 
of CPT1 was employed (26). Perhexiline, a CPT1 inhibitor that is clinically used as a second-choice antianginal 
treatment and is also tested for treatment of patients with congestive heart failure (26, 28, 29), was administered 

Figure 3. Role of RIPK3 in ventilator-induced lung injury in mice. Ripk3–/– and WT mice underwent mechanical ventilation (MV) at low or high tidal 
volume (low VT or high VT). Changes in (A) lung elastance, (B) inspiratory capacity, and (C) tissue damping were recorded, and bronchoalveolar lavage fluid 
(BALF) was measured for (D) total protein concentration, (E) lactate dehydrogenase (LDH), and (F) chromatin protein high-mobility group B1 (HMGB1). Data 
are presented as mean ± SEM (*P < 0.05; **P < 0.01; ***P < 0.001). ANOVA with Tukey post hoc correction was used for all comparisons.
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in WT mice undergoing MV with low or high tidal volume. In mice receiving low tidal volume, perhexiline did 
not exacerbate lung injury. However, in mice receiving high tidal volume, administration of perhexiline in a dose 
equivalent to that used in clinical practice for humans, as opposed to vehicle, led to worse VILI (Figure 7, A–C, 
and Supplemental Figure 8, A–C). We repeated the experiment by using another CPT1 inhibitor, etomoxir, 
which has been tested in clinical trials for the treatment of patients with congestive heart failure but was with-
drawn due to its toxicity (26, 30). Similar to perhexiline, in mice receiving MV at high tidal volume, but not those 
at low tidal volume, administration of etomoxir was associated with worse VILI compared with vehicle (Sup-
plemental Figure 9, A–F). These experiments suggest an association between VILI and impaired FAO in mice.

Finally, to determine whether RIPK3 played a role in the observed association between VILI and inhi-
bition of  FAO, Ripk3–/– and WT mice were treated with perhexiline and were subsequently exposed to inju-
rious MV. Ripk3–/– mice again sustained less severe VILI than WT mice (Figure 7, D–F, and Supplemental 
Figure 10, A–D). These studies suggest that the association between VILI and impaired FAO was not 
present under conditions of  RIPK3 deficiency in mice.

Discussion
We demonstrate that the necroptosis-related molecule RIPK3, but not RIPK1 or MLKL, may be important 
in the development of  experimental VILI and that impaired FAO may be involved. Evidence is accumu-
lating that RIPK3, either acting as a signaling scaffold or as a kinase, may have a role in cellular processes 
other than necroptosis (31). Indeed, Ripk3–/– but not Mlkl–/– mice are protected in a variety of  disease mod-
els (14, 16, 32). Our study suggests that VILI could be included in the disease models for which RIPK3 and 
MLKL exhibit discrepant roles. Moreover, our study contributes to the accumulating evidence supporting a 
functional linkage between necroptosis-related molecules and fatty acid metabolism (23, 33).

Our study has several limitations. First, although we had data specifying that MV was initiated before 
the blood draw in 51 (33%) patients in the WCM cohort and 67 (34%) patients in the BWH cohort (as depict-
ed in Table 1), we did not have sufficient data to determine for how many hours each patient was undergoing 
MV prior to the blood draw. Given that plasma RIPK3 levels for a given patient are not likely to be constant 
after initiation of  MV (and presumably onset of  VILI), the exact time from initiation of  MV to blood draw 
for measurement of  RIPK3 levels is an important variable that we could not address in our study.

Figure 4. Role of MLKL in ventilator-induced lung injury in mice. Mlkl–/– and Mlkl+/+ mice underwent mechanical ventilation (MV) at low or high tidal 
volume (low VT or high VT). Changes in (A) lung elastance, (B) inspiratory capacity, and (C) tissue damping were recorded, and bronchoalveolar lavage fluid 
(BALF) was measured for (D) total protein concentration and (E) lactate dehydrogenase (LDH). Data are presented as mean ± SEM. ANOVA with Tukey post 
hoc correction was used for all comparisons.
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Second, patients enrolled in our first cohort (WCM) had a lower median and a narrower distribution of  
plasma RIPK3 levels than patients in the second cohort (BWH). Given that both cohorts had similar inclu-
sion criteria, the above differences in plasma RIPK3 levels might be explained by differences in the duration 
of  plasma storage. Indeed, enrollment in the WCM cohort (between 10/2014 and 07/2016) took place more 
recently and for a narrower period than enrollment in the BWH cohort (between 07/2008 and 09/2013). We 
should emphasize that this explanation is only hypothetical and that the reason for the differences in RIPK3 
levels in the two cohorts is not clear. That said, the fact that our main finding (i.e., that plasma RIPK3 levels 
are higher in MV patients) persisted despite such differences between the cohorts apparently demonstrates 
the generalizability of  our observations.

Third, given that there is no gold standard for diagnosis of  VILI in the clinical setting (1), we used MV 
as its surrogate on the basis that MV is a definite risk factor for VILI (1). Unfortunately, we did not consis-
tently collect extensive data on physiologic and ventilator parameters, such as driving pressure or tidal vol-
ume, which could permit identification of  patients undergoing suboptimal MV (as indicated, e.g., by high 
driving pressure or high tidal volume). Therefore, we could not conduct an analysis of  plasma RIPK3 levels 

Figure 5. Defective fatty acid oxidation in critically ill patients. (A) Calculation of free carnitine to palmitoylcarnitine plus oleylcarnitine ratio [C0/(C16+C18), 
a screening test for deficiency of carnitine palmitoyl transferase (CPT1), which is a key enzyme in the fatty acid oxidation pathway] in plasma of patients with 
versus without acute respiratory distress syndrome (ARDS) (n = 86). (B) Critically ill patients, for whom both metabolomic data and plasma RIPK3 levels were 
available, were categorized into a “low RIPK3” group (i.e., those with plasma RIPK3 levels equal to or lower than median) and “high RIPK3” group (i.e., those 
with plasma RIPK3 levels higher than median) and were compared in terms of the ratio C0/(C16+C18) (n = 38). Red bars represent mean ± SEM. Statistical 
significance was calculated using Mann-Whitney U test.

Figure 6. Defective fatty acid oxidation in ventilator-induced lung injury in mice. (A) Fatty acid quantification in lung tissue of WT mice with versus 
without mechanical ventilation (MV), determined by gas chromatography and liquid chromatography combined with detection by mass spectrometry. 
(B and C) After MV at low or high tidal volume (low VT or high VT), free fatty acids were (B) measured in bronchoalveolar lavage fluid (BALF) of Ripk3–/– 
and WT mice and (C) correlated with total protein concentration in BALF. Data are presented as mean ± SEM (*P < 0.05; ***P < 0.001). Statistical 
significance was calculated using Mann-Whitney U (A), ANOVA with Tukey post hoc correction (B), and Pearson’s correlation (C) tests.
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in this subgroup of  patients who were very likely to have VILI. Such a subgroup analysis would further 
support the association between RIPK3 and human VILI. However, we conducted a sensitivity analysis of  
patients with ARDS and found that plasma RIPK3 levels were higher in patients with ARDS versus those 
without ARDS (Figure 2B). ARDS is an even stronger risk factor for VILI than MV alone, and it has been 
extensively used in the literature (both clinical and animal) as a surrogate of  VILI (1, 2, 6). Taken together, 
we should emphasize that, given the lack of  a gold standard for diagnosis of  human VILI (1), one cannot be 
sure regarding the association between RIPK3 and human VILI in specific (as opposed to acute lung injury 
in general). Rather, the safest interpretation of  our clinical studies is that, given that MV is a risk factor of  
lung injury and that plasma RIPK3 levels were higher in patients with MV than in patients without MV, 
elevated RIPK3 levels may be a marker of  acute lung injury, including, but not limited to VILI.

In conclusion, our analysis of  clinical data from two large and well-phenotyped cohorts provide evi-
dence that RIPK3 levels are elevated in critically ill patients undergoing MV (and who are therefore prone 
to VILI) compared with those who are not undergoing MV (and who are therefore less likely to have 
VILI). Consistently, our animal experiments highlight the contribution of  RIPK3, as well as the potential 
involvement of  impaired FAO, to the pathogenesis of  VILI. Taken together, our clinical and animal data 
may justify a prospective clinical study to examine whether plasma RIPK3 levels can predict worse clinical 
outcomes of  critically ill patients undergoing MV.

Methods
Human cohorts. Study subjects were adult (≥18-year-old) patients enrolled in two ongoing prospective regis-
tries of  critically ill patients hospitalized in a medical ICU in the New York–Presbyterian Hospital/WCM 
(enrollment started on 10/2014) and in the BWH (enrollment started on 07/2008). Patients were excluded 
if  they were unwilling to provide biological samples for research, mentally handicapped, unable to provide 
informed consent, admitted merely to receive comfort care, unwilling to be transfused, or if  they had a 

Figure 7. Administration of carnitine palmitoyl transferase inhibitor in mice and exposure to mechanical ventilation. (A–C) Changes in (A) lung elas-
tance were recorded, and bronchoalveolar lavage fluid (BALF) was measured for (B) total protein concentration and (C) lactate dehydrogenase (LDH) in 
WT mice after treatment or not with a carnitine palmitoyl transferase (CPT1) inhibitor, perhexiline, and exposure to mechanical ventilation (MV) at low 
or high tidal volume (low VT or high VT). (D–F) Changes in (D) lung elastance were recorded, and BALF was measured for (E) total protein concentration 
and (F) LDH in Ripk3–/– and WT mice after treatment with perhexiline and exposure to MV at low or high tidal volume. Data are presented as mean ± 
SEM (*P < 0.05; **P < 0.01; ***P < 0.001). ANOVA with Tukey post hoc correction was used for all comparisons.
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hemoglobin level of  <7 g/dl upon admission (10–12). For the present study (Figures 1 and 2, Table 1, 
and Supplemental Table 1), patients enrolled in the WCM cohort up through 07/2016 (Figure 1) and a 
convenience sample of  199 patients enrolled in the BWH cohort between 07/2008 and 09/2013, for whom 
adequate aliquots of  never-thawed plasma were available (Figure 2) were included.

Biological samples (including plasma) and extensive phenotypic data (such as demographics, medical 
history, laboratory parameters, and presence of  sepsis) were prospectively collected (10–12). Collected clin-
ical data were adjudicated by physicians (10–12). The recent Sepsis-3 definition was used for the diagnosis 
of  sepsis (34).

Human plasma preparation and measurement. Within 48 hours after ICU admission, whole blood (10 ml) 
was drawn from each patient into EDTA-coated blood collection tubes (BD Pharmingen). At the time of  
blood draw, some patients were endotracheally intubated and received invasive MV; those patients com-
prised the “MV yes” group and the remaining patients comprised the “MV no” group shown in Figure 1, 
A, B, and D; Figure 2, A and C; and Supplemental Figure 7. In the “MV yes” group, blood samples were 
drawn within approximately 48 hours (with the exact timing not being known) after initiation of  MV. The 
collected blood samples were kept at 4oC and centrifuged within 4 hours at 490 g for 10 minutes. Plas-
ma was subsequently divided into aliquots and kept at –80oC. RIPK3 was assayed in duplicate using the 
Human Receptor-interacting serine/threonine-protein kinase 3 (RIPK3) ELISA kit (CSB-EL019737HU, 
CUSABIO) (18). Plasma was diluted 10 times, and the manufacturer’s instructions were followed. RIPK1 
was assayed in duplicate in 1:10 diluted plasma using the Human RIPK1/RIP ELISA Kit (Sandwich 
ELISA) (LS-F9254, LifeSpan BioSciences) in accordance with the manufacturer’s instructions. Similarly, 
MLKL was assayed in duplicate in 1:10 diluted plasma using the Human MLKL ELISA Kit (Sandwich 
ELISA) (LS-F18428, LifeSpan BioSciences) in accordance with the manufacturer’s instructions.

Mice. WT (C57BL/6N) mice were purchased from the Charles River Laboratories. Ripk3–/– mice were 
provided by Vishva Dixit and Kim Newton (Genentech). Generation of  Ripk3–/– mice on a C57BL/6N 
background was described previously (35). Age- and sex-matched WT (C57BL/6N) mice were used as 
controls for Ripk3–/– mice (32, 36–38), and mice were housed in the same room. Ripk1+/– and Ripk1+/+ mice 
were provided by Michelle Kelliher (University of  Massachusetts Medical School, Worcester, Massachu-
setts, USA) (20). Mlkl–/– and Mlkl+/+ mice were provided by Jiahuai Han (School of  Life Sciences, Xiamen 
University, Xiamen, Fujian, China). Littermate Ripk1+/+ and Mlkl+/+ mice were used as controls for Ripk1+/– 
and Mlkl–/– mice, respectively. Both male and female mice (8–15 weeks old) were used, unless otherwise 
specified. Sample sizes were determined based on our previous experience with VILI experiments (11). 
Experiments were not randomized and were not done in a blinded way. Animals were housed under iden-
tical pathogen-free conditions.

MV of  mice and physiologic assessment of  VILI. VILI, the most commonly used animal model of  acute 
lung injury (39), was selected for these experiments, because of  its high clinical relevance (1). Indeed, inju-
rious MV in humans has been shown to result in a 9% absolute increase in mortality of  critically ill patients 
with ARDS (2), while it has detrimental consequences even when applied in patients without ARDS (3–5). 
For induction of  VILI, mice were anesthetized with an i.p. injection of  pentobarbital (70 mg/kg). The tra-
chea was exposed and a 19-gauge cannula was inserted and stabilized in the trachea lumen. A rodent com-
puter-controlled piston ventilator (Flexivent, SCIREQ), which provides volume-controlled ventilation, was 
connected to the trachea cannula. According to a prespecified exclusion criterion, if  peak airway pressure 
of  the mouse at this starting point reached the machine’s default peak pressure limit (i.e., 30 cmH2O), the 
mouse was not ventilated and was not considered for any analysis. Ventilated animals received either high 
tidal volume (25 ml/kg, injurious ventilation) or low tidal volume (6 ml/kg) of  air through the ventilator. 
A positive end expiratory pressure of  2 cmH2O was set. Mice were ventilated for 7 hours, unless otherwise 
specified. During the ventilation, a heat lamp was used to control the ambient temperature, and the core 
temperature of  mice was measured using rectal thermometer. 0.2 ml PBS/animal/h of  ventilation was 
administered i.p. to ensure adequate intravascular fluid volume. Likewise, supplemental doses of  pentobar-
bital (one-third to one-half  of  the original dose/animal/h of  ventilation) were administered i.p. to maintain 
deep anesthesia. Each hour of  the ventilation, lungs were recruited by inflation with up to 30 cmH2O pres-
sure, and lung respiratory function parameters (including lung parenchymal tissue elastance, inspiratory 
capacity and tissue damping) were measured using the forced oscillation technique operated by FlexiWare 
7 software. Changes in lung parenchymal tissue elastance, in inspiratory capacity, and in tissue damping 
were used for physiologic assessment of  development of  VILI. Change in lung elastance was defined as 
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the lung elastance at the end of  ventilation minus the average of  lung elastance at 0 hours and at 1 hour. 
Change in inspiratory capacity was defined as the inspiratory capacity at the end of  ventilation minus the 
average of  inspiratory capacity at 0 hours and at 1 hour. Similarly, change in tissue damping was defined as 
the tissue damping at the end of  ventilation minus the average of  tissue damping at 0 hours and at 1 hour.

Retrieval of  mouse BALF and measurements. After completion of  MV, animals were euthanized by pento-
barbital overdose (300 mg/kg i.p.). BAL was performed by instilling 1 ml PBS into the trachea, and BALF 
(at least 0.7 ml) was retrieved with gentle suction. The lungs were perfused with PBS, inflated, and resected 
to be used for immunohistochemistry. BALF was centrifuged (153 g) for 5 minutes at 4oC to separate cellular 
components. The cell pellet was reconstituted in 1 ml cold PBS, and total white cells were counted using a 
hemocytometer. BALF supernatant was used for measurement of  total protein concentration (Pierce BCA 
Protein Assay Kit, 23225, Thermo Fisher Scientific), LDH (LDH-Cytotoxicity Colorimetric Assay Kit II, 
K313-500, BioVision), IL-6 (mouse IL-6 Quantikine ELISA Kit, M6000B, R&D Systems), and HMGB1 
(HMGB1 ELISA kit, ST51011, IBL International/TECAN) according to the manufacturer’s instructions.

Treatment with necrostatin-1, perhexiline, and etomoxir. For the experiments involving necrostatin-1 
(N9037, MilliporeSigma), necrostatin-1 [12.5 mg/kg mouse body weight, dissolved in dimethyl sulfoxide 
(DMSO) diluted in PBS] or vehicle (i.e., same volume of  DMSO diluted in PBS) was administered i.p. 15 
minutes before initiation of  MV (40). For the experiments involving perhexiline (SML0120, MilliporeSig-
ma), perhexiline maleate (8 mg/kg mouse body weight, dissolved in DMSO diluted in PBS) or vehicle (i.e., 
same volume of  DMSO diluted in PBS) was administered i.p. 15 minutes before initiation of  MV. The 
human equivalent of  the dose that was administered in mice (8 mg/kg mouse body weight is thought to be 
equivalent to 0.65 mg/kg human adult body weight) (41) is within the recommended daily dosage range 
of  perhexiline for humans (50–400 mg) (42); in fact, it is close to the lower recommended dose for humans 
(42). We selected this low, yet clinically used, dose of  perhexiline to reduce the possibility of  overdose toxic-
ity. Indeed, all mice receiving perhexiline and undergoing MV with low tidal volume survived for the whole 
duration of  MV (Figure 7, A–C, and Supplemental Figure 8, A–C). For the experiments involving etomoxir 
(E1905, MilliporeSigma), etomoxir sodium salt hydrate (55 mg/kg mouse body weight, dissolved in PBS) 
or vehicle (i.e., same volume of  PBS) was administered i.p. 30 minutes before initiation of  MV (43). All 
mice receiving etomoxir and undergoing MV with low tidal volume survived for the whole duration of  MV 
(Supplemental Figure 9, A–F).

Our pilot experiments had showed that, following treatment with CPT1 inhibitor (perhexiline or eto-
moxir), all mice undergoing MV with low tidal volume but not all mice undergoing MV with high tidal 
volume could survive for the whole duration of  MV of  7 hours. In an attempt to address this issue, for the 
experiments involving perhexiline and etomoxir, we limited the duration of  MV to 6 hours and 5 hours, 
respectively. As a result of  the different duration of  exposure to the injurious stimulus, the degree of  VILI, 
as assessed by BALF protein, in control groups (WT mice without perhexiline or etomoxir exposed to MV 
with high tidal volume) of  experiments involving CPT1 inhibitors (Figure 7B and Supplemental Figure 
9D) was not as severe as the degree of  VILI in control groups (WT mice exposed to MV with high tidal 
volume) in experiments not involving CPT1 inhibitor (Figure 3D). Despite the limited duration of  MV to 
6 hours, 4 of  8 mice receiving perhexiline and undergoing MV with high tidal volume (Figure 7B) did not 
survive for the whole duration of  MV. However, BALF protein levels (and therefore degree of  VILI) of  the 
4 mice that survived were comparable to those of  the 4 mice that did not survive for the whole duration of  
MV (Figure 7B). All 8 above-mentioned mice (i.e., both those that survived and those that did not survive 
for the whole duration of  MV) were analyzed and depicted in Figure 7B. Similarly and interestingly, all 11 
Ripk3–/– mice but only 6 of  14 WT mice survived for the whole duration of  MV with high tidal volume after 
treatment with perhexiline. With the exception of  one WT mouse, which had very high BALF protein (>4 
times higher than median) after treatment with perhexiline and exposure to MV with high tidal volume, all 
above-mentioned mice were analyzed and depicted in Figure 7E.

Immunohistochemistry. Monoclonal rabbit anti-RIPK3 antibody for mouse RIPK3 (15828, Cell Signal-
ing) at a 1:100 dilution was used for staining of  formalin-fixed, paraffin-embedded lung tissue sections 
(Supplemental Figure 2).

Metabolomic analysis in humans. Metabolomic profiles had been previously generated from plasma sam-
ples of  90 ICU patients on day 1 of  their enrollment in the BWH Registry of  Critical Illness (24). Addi-
tional details on the 90 patients and the metabolomic analysis by Metabolon Inc. (using gas and liquid 
chromatography and mass spectroscopy) have been published (24). For the present study (Figure 5 and 
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Supplemental Figure 7), a secondary analysis of  raw data on 3 prespecified metabolites (namely, free carni-
tine, palmitoylcarnitine, and oleylcarnitine) was carried out for patients with versus without ARDS (Figure 
5A) and for patients with versus without MV (Supplemental Figure 7). After normalization to median, the 
C0/(C16+C18) ratio was calculated for 86 patients (Figure 5A and Supplemental Figure 7). Four patients 
were excluded because they had a high plasma creatinine level (>5 g/dl), which affects the carnitine levels 
(44). We had available samples to measure plasma RIPK3 levels in 39 patients of  the above-mentioned 90 
patients (24) for whom metabolomic data were available; these 39 patients were included in the Figure 2. In 
other words, for 39 of  the 199 patients enrolled in the BWH cohort (Figure 2), we had both metabolomic 
and RIPK3 data in plasma. The median RIPK3 level of  these 39 patients was 2,012 pg/ml. One patient 
was excluded because he/she had a high plasma creatinine level (>5 g/dl), which affects the carnitine levels 
(44). We categorized the remaining 38 patients into two groups; one group of  patients had plasma RIPK3 
levels equal to or lower than median (“low RIPK3” group), and the other group of  patients had plasma 
RIPK3 levels higher than median (“high RIPK3” group) (Figure 5B). We found that the C0/(C16+C18) 
ratio was higher in the plasma of  patients in the “high RIPK3” group compared with the “low RIPK3” 
group (Figure 5B), suggesting an association between the increase in plasma RIPK3 levels and the increase 
in the C0/(C16+C18) ratio in critically ill patients. Increase in the C0/(C16+C18) ratio is thought to reflect 
impaired FAO (45) and is clinically used as newborn screening test for CPT1 deficiency (25).

Metabolomic analysis in mice. WT mice (C57BL/6, male, 8–12 weeks old) underwent injurious (tidal 
volume of  12 ml/kg) or no MV (n = 8/group). Lungs were perfused with PBS, harvested, and immediately 
stored at −80°C. Metabolomic profiling of  the collected lung specimens (Figure 6A) was carried out by 
Metabolon Inc., which uses gas chromatography and liquid chromatography combined with detection by 
mass spectroscopy, as described previously (46).

Fatty acid assay. The Free Fatty Acid Quantification Colorimetric/Fluorometric Kit (K612-100, Bio-
vision) was used to measure free fatty acid levels in BALF of  mice undergoing MV with low or high tidal 
volume (Figure 6, B and C). Fifty μl of  undiluted BALF, collected as described above, was used, and the 
manufacturer’s instructions were followed.

Statistics. Continuous variables were presented as mean ± SEM and compared with the nonparametric 
Mann Whitney U test (for comparison of  two groups) or the ANOVA with Tukey post hoc correction (for 
comparisons of  more than two groups). Categorical variables were presented as percentages and compared 
with the Fisher’s exact or χ2 test. Pearson’s correlation analysis was used in Figure 1, C and E, and in Figure 
6C. All analyses, except the multiple linear regression analysis displayed in Supplemental Table 1, were 
carried out using GraphPad Prism 5.01 (GraphPad Software Inc.). The multiple linear regression analysis 
was carried out using STATA 14.2 (StataCorp LP) to isolate the contribution of  sex, age, malignancy, MV, 
vasopressors, and sepsis (independent variables) to the plasma levels of  RIPK3 (continuous dependent vari-
able). A 2-tailed P of  less than 0.05 was considered to denote statistical significance.

Study approval. The registries of  critically ill patients were approved by Institutional Review Board of  
WCM (1405015116A005) and by the Partners Human Research Committee (2008-P-000495). Both regis-
tries enrolled patients who provided written informed consent for blood collection. All mouse experimental 
protocols were approved by the Institutional Animal Care and Use Committee of  Weill Cornell Medical 
College (protocol 2013-0108).
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