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CELL BIOLOGY

Lactate induces vascular permeability via disruption
of VE-cadherin in endothelial cells during sepsis

Kun Yang'?t, Min Fan'?, Xiaohui Wang'?, Jingjing Xu'#, Yana Wang’, P. Spencer Gill',
Tuanzhu Ha'?, Li Liu?, Jennifer V. Hall'%, David L. Williams'?, Chuanfu Li'?*

Circulating lactate levels are a critical biomarker for sepsis and are positively correlated with sepsis-associated
mortality. We investigated whether lactate plays a biological role in causing endothelial barrier dysfunction in
sepsis. We showed that lactate causes vascular permeability and worsens organ dysfunction in CLP sepsis. Mech-
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anistically, lactate induces ERK-dependent activation of calpain1/2 for VE-cadherin proteolytic cleavage, leading
to the enhanced endocytosis of VE-cadherin in endothelial cells. In addition, we found that ERK2 interacts with
VE-cadherin and stabilizes VE-cadherin complex in resting endothelial cells. Lactate-induced ERK2 phosphorylation
promotes ERK2 disassociation from VE-cadherin. In vivo suppression of lactate production or genetic depletion of
lactate receptor GPR81 mitigates vascular permeability and multiple organ injury and improves survival outcome
in polymicrobial sepsis. Our study reveals that metabolic cross-talk between glycolysis-derived lactate and the

endothelium plays a critical role in the pathophysiology of sepsis.

INTRODUCTION

Sepsis is a dysregulated immune response to infection that leads to
multiple organ dysfunction and mortality (1). Disruption of endo-
thelial cell (EC) barrier junctions plays a major role in multiple organ
injury and mortality in sepsis (2, 3). Substantial clinical evidence has
shown that progressive tissue and body cavity edema typically de-
velops in septic patients, suggesting widespread increases in vascular
permeability (4, 5). In addition, fluid resuscitation as a medical
intervention could result in fluid overload with subsequent multiple
organ failure and worsened outcomes of patients with sepsis (6).
Therefore, therapies targeted at improving vascular homeostasis
could provide an alternative approach for treating sepsis.

The EC monolayer, which lines all blood vessels, provides a critical
barrier between the blood and tissues and regulates the movement
of nutrients, fluid, and cells into the interstitial space (7). The integrity
of this barrier is maintained by cell-cell adhesin molecules localized
at junctions between ECs, including vascular endothelial cadherin
(VE-cadherin) and tight junctions (claudin/occluding) (2). Disrup-
tion of VE-cadherin is sufficient to induce the disassembly of the
blood vessel walls and increase the vascular permeability, leading
to tissue edema (8). During sepsis, multiple cell-derived mediators,
such as proinflammatory cytokines and damage-associated molec-
ular patterns, impair the vascular barrier by inducing VE-cadherin
endocytosis and degradation (9, 10). However, less is known
about the role of metabolic changes in regulating vascular integrity
during sepsis.

Lactate, a major by-product of aerobic glycolysis, is known
to accumulate in septic patients because of increased production
(caused by hypoxia conditions and mitochondrial dysfunction) and
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decreased clearance (caused by kidney and liver injuries) (11). There-
fore, high levels of serum lactate have been recognized as a critical
biomarker for sepsis prognosis (1). According to the Sepsis-3 guidelines,
persistent serum lactate levels over 2 mM, despite adequate fluid resus-
citation, should be included as a new criterion when clinically defin-
ing septic shock (1). In addition, clinical observations indicate that
persistently increased serum lactate positively correlates with organ
dysfunction and mortality in sepsis (12). Of note, emerging evidence
suggests that lactate is not only a biomarker but also a potent signaling
molecule that regulates immune responses during sepsis (13, 14).
However, it remains unknown whether lactate can regulate EC barrier
function and contribute to organ dysfunction in sepsis.

Here, we report a previously unidentified role of lactate in me-
diating vascular permeability during sepsis. We have demonstrated
that lactate increases vascular permeability by disorganizing the
VE-cadherin complex on the surface of ECs, resulting in multiple
organ dysfunction in sepsis. The mechanisms involve lactate-induced
phosphorylation of extracellular signal-regulated kinase 1/2 (ERK1/2)
via G protein—coupled receptor 81 (GPR81) signaling. ERK1/2 phos-
phorylation promotes the activation of calpainl/2 for VE-cadherin
proteolytic cleavage, followed by caveolinl/clathrinl-mediated
endocytosis of VE-cadherin. In addition, we found that ERK2 inter-
acts with VE-cadherin to maintain VE-cadherin stability in ECs.
Phosphorylation of ERK2 induces the disassociation of ERK2 from
VE-cadherin, which may sensitize lactate-induced VE-cadherin
disruption and endocytosis. GPR81 inhibition attenuated lactate-
induced vascular permeability and improved survival outcome in
murine sepsis. Our study suggests that lactate generated from aerobic
glycolytic metabolism plays an important biological role in mediating
EC permeability by disruption of VE-cadherin-mediated adherens
junction proteins on ECs.

RESULTS

Lactate promotes vascular permeability

in polymicrobial sepsis

Clinical data show that serum lactate levels are positively correlated
with sepsis-induced organ dysfunction and mortality (15, 16). We
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have previously reported that inhibition of glycolysis by hexokinase
inhibitor 2-deoxyglucose (2-DG) attenuated sepsis-induced damage
to heart, liver, and kidney, which is accompanied by suppressed lactate
production (17). To better understand whether lactate could con-
tribute to organ dysfunction during sepsis, we administered lactate
(0.5 g/kg body weight) (18) to mice by intraperitoneal injection 6 hours
after induction of cecal ligation and puncture (CLP) sepsis and ex-
amined cardiac function by echocardiography. As shown in Fig. 1
(A to C), sepsis significantly increased serum lactate levels (Fig. 1A)
and decreased fractional shortening (FS, Fig. 1B) and ejection frac-
tion (EF, Fig. 1C) by 26.9 and 20.6%, respectively, compared with
sham controls. Elevation of serum lactate levels by lactate supple-
mentation further worsened cardiac function in sepsis mice (Fig. 1,
A to C). The FS% and EF% values were markedly decreased by 12.5
and 15.7% compared with vehicle-treated CLP septic mice (Fig. 1, B
and C). In addition, CLP sepsis markedly induced kidney and liver
injuries as evidenced by increased serum levels of creatinine (Fig. 1D)
and aspartate aminotransferase (AST) (Fig. 1E). Lactate administration

further increased serum levels of creatinine (Fig. 1D) and AST
(Fig. 1E) in septic mice, suggesting that elevated lactate levels exag-
gerated liver and kidney injury during polymicrobial sepsis. Notably,
liver injury is associated with impaired bacterial clearance in sepsis
(19). We found that CLP mice with lactate supplementation, which
induced worsened liver function, had higher levels of aerobic and
anaerobic bacterial in the blood than in CLP mice treated with
phosphate-buffered saline (PBS) (fig. S1). We have previously shown
that suppression of lactate production by 2-DG improved survival
outcome of CLP septic mice (17). As expected, lactate administra-
tion decreased survival rate of septic mice by 51.5% compared with
vehicle-treated CLP septic mice (Fig. 1F).

Substantial evidence has shown that EC barrier damage contributes
to sepsis-induced multiple organ dysfunction and mortality (5, 20).
To investigate whether sepsis-induced elevation of serum lactate
levels contributes to vascular barrier dysfunction, we examined EC
permeability by measuring Evans Blue dye (EBD) penetration into
tissues (kidney and liver) as described previously (21). We observed
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Fig. 1. Elevated lactate levels increase vascular permeability in polymicrobial sepsis. Lactate (0.5 g/kg body weight) was administrated through intraperitoneal in-
jection 6 hours after CLP or sham surgery. (A) Serum lactate levels were assessed by a commercially available kit 24 hours after CLP/sham surgery (n =6). (B and C) Left
ventricular fraction shortening (FS) (B) and ejection fraction (EF) (C) were measured 24 hours after CLP/sham surgery (n =4). (D and E) Serum levels of creatinine (D) and
aspartate aminotransferase (AST) (E) were assessed by commercially available ELISA kits (n =5). (F) Survival rates among sham, CLP, Lac, and CLP + Lac mice were com-
pared by Kaplan-Meier test. (G) Relative levels of liver Evans Blue Dye (EBD) absorbance at 610 nm in sham and CLP mice with or without lactate administration (n = 6).
(H) Relative levels of kidney EBD absorbance at 610 nm in sham and CLP mice with or without lactate administration (n =6). (I and J) Sodium oxamate, an LDHA inhibitor,
was administrated 3 hours before sham or CLP surgery to suppress lactate production (I). Serum lactate levels (J) were measured 24 hours following surgery (n = 6).
(K) Relative levels of liver EBD absorbance at 610 nm in sham and CLP mice with or without oxamate administration (n = 6). (L) Relative levels of kidney EBD absorbance
at 610 nm in sham and CLP mice with or without oxamate administration (n = 6). Values are means + SD. Lac, lactate. OXA, sodium oxamate. LDHA, lactate dehydrogenase
A. CLP, cecal ligation and puncture. Two-way ANOVA with Tukey’s test. *P < 0.05; **P < 0.01; ***P < 0.001. ns, no significant difference.
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that CLP sepsis significantly caused vascular permeability as evi-
denced by the increased penetration of EBD in liver (Fig. 1G) and
kidney (Fig. 1H). Notably, administration of supplemental lactate
further increased sepsis-induced vascular permeability in liver (Fig. 1G)
and kidney (Fig. 1H). Similarly, we observed that lactate increased
vascular permeability of liver, kidney, and lung in a sterile sepsis
model induced by lipopolysaccharide (LPS) (fig. S2, A to C). To
confirm the role of lactate in sepsis-induced vascular permeability,
we treated mice with sodium oxamate (0.75 g/kg body weight), an
inhibitor of lactate dehydrogenase A, to suppress lactate production
(Fig. 11) before induction of CLP sepsis and assessed vascular per-
meability in kidney and liver. Consistent with our previous report
(17), suppression of lactate production by oxamate (Fig. 1]) signifi-
cantly attenuated CLP-induced vascular permeability in both liver
(Fig. 1K) and kidney (Fig. 1L), accompanied by decreased serum
levels of AST (fig. S3A) and creatinine (fig. S3B). Together, these
data suggest that lactate, generated from sepsis-increased aerobic
metabolism, plays an important biological role in promoting vascular
permeability and organ injuries during sepsis.

Lactate disrupts VE-cadherin junction on ECs

VE-cadherin is an important adherens junction protein that plays a
crucial role in the maintenance of EC junction and vascular integrity
(22). Disruption of the VE-cadherin complex impairs endothelium
barrier function (22). Next, we sought to assess whether lactate-
promoted endothelium barrier dysfunction is mediated by disrupting
VE-cadherin on ECs. To achieve this, we induced polymicrobial
sepsis in the mice with EC-specific expression of green fluorescent
protein (GFP) [Tg(TIE2GFP)287Sato] (23) with and without sup-
plemental lactate. Twenty-four hours after induction of polymicrobial
sepsis, we isolated the ECs from heart, liver, and kidney tissues and
analyzed VE-cadherin by flow cytometry using anti-VE-cadherin
(CD144) antibody. As shown in Fig. 2A, sepsis decreased VE-cadherin
(CD144) levels on the membrane of ECs that were isolated from
heart, liver, and kidney tissues by 13.1, 73.6, and 30.3%, respective-
ly, compared with sham controls. Administration of lactate further
decreased VE-cadherin expression on ECs of heart, liver, and kidney
by 16.5, 47.9, and 10.4%, respectively, compared with ECs isolated
from vehicle-treated sepsis mice (Fig. 2A). Immunofluorescent
staining with anti-VE-cadherin antibody showed that polymicrobial
sepsis decreased VE-cadherin levels on ECs in the lung tissues,
which was further decreased by lactate supplementation (Fig. 2B).
Consistently, Western blot analysis showed that the expression of
VE-cadherin was decreased in the heart (Fig. 2C) and lung (Fig. 2D)
lysates following sepsis, which was further decreased by lactate ad-
ministration. Conversely, inhibition of lactate production by oxamate
attenuated CLP sepsis-induced decrease of VE-cadherin levels in
the heart (Fig. 2E) and lung (Fig. 2F) lysates. These data suggest that
lactate could contribute to vascular permeability by disrupting
VE-cadherin on ECs during sepsis.

We then treated human umbilical vein ECs (HUVECs) with an
increased lactate concentration and examined VE-cadherin protein
levels. As shown in fig. S4A, lactate at 10 mM significantly reduced
VE-cadherin protein levels in ECs. Lactate administration increased
EC permeability as evidenced by increased penetration of fluorescein
isothiocyanate (FITC)-conjugated dextran. Treatment of HUVECs
with acidic condition that was equal to lactate condition did not pro-
mote EC permeability (fig. S4B), suggesting that lactate, but not acidic
condition, could cause EC barrier dysfunction. Immunofluorescent
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staining with anti-VE-cadherin antibody showed that lactate dis-
engaged VE-cadherin on the cell surface in both HUVEC:s (fig. S4C)
and human cardiac microvascular ECs (HCMECs) (fig. S4D). In
agreement, lactate treatment markedly reduced the levels of
VE-cadherin on the membrane fraction of ECs (fig. S4E). In addi-
tion, a Matrigel-based tube formation assay also showed that lactate
administration disrupted tube formation of HUVECs compared with
vehicle-treated controls (fig. S4F). Notably, flow cytometry analysis
showed that lactate treatment did not significantly induce EC death
and apoptosis (fig. S4G). In addition, lactate treatment did not
significantly alter VE-cadherin transcription (fig. S4H) or induced
VE-cadherin phosphorylation in ECs (fig. S4I). It is reported that
VE growth factor (VEGF) induces VE-cadherin phosphorylation,
contributing to endocytosis of VE-cadherin and increased vascular
permeability (22). We examined serum VEGF levels of CLP sepsis
mice and found that CLP induced elevation of serum VEGF (fig. S4]).
However, administration of lactate or suppression of lactate produc-
tion by oxamate had no significant effects on CLP-increased VEGF
levels (fig. S4]). Collectively, these data suggest that lactate induces
VE-cadherin disruption, resulting in dysfunction of EC barrier.

Lactate disrupts the colocalization of VE-cadherin with
ERK2 at the plasma membrane of ECs
ERK1/2 has been reported to localize on cellular compartments,
such as Golgi apparatus (24), mitochondrial membrane (25), and
plasma membrane (26). In addition, a recent study indicates that
ERK is required to maintain endothelium integrity (27). However,
it is unclear whether ERK can stabilize endothelial adherens junc-
tion via interacting with the VE-cadherin complex. To address this
question, we first evaluated the localization of ERK1/2 by immuno-
fluorescence staining. Compared with sparse culture of ECs, ERK1/2
(green color) colocalized with VE-cadherin (red color) on the surface
of confluent ECs upon the formation of adherens junction (Fig. 3A).
Consistently, Western blot analysis using membrane lysate of ECs
showed the presence of ERK1/2 protein (Fig. 3B). We then exam-
ined the protein levels and localization of ERK in lactate-treated ECs
by immunoblotting and immunofluorescence staining. As shown
in Fig. 3B, lactate (10 mM) treatment strongly decreased membrane
ERK levels in ECs. Immunofluorescent staining using anti-VE-cadherin
and anti-ERK1/2 antibodies further showed that lactate induced
disassociation of ERK1/2 (green color) from VE-cadherin (red color)
at the membrane plasma, which is accompanied by VE-cadherin
disruption in ECs (Fig. 3C). To confirm the interaction between
ERK and VE-cadherin, we performed immunoprecipitation assays
and observed that lactate treatment reduced VE-cadherin levels in
the ERK1/2 immunoprecipitants (Fig. 3D). It is reported that ERK1
and ERK2 are expressed at different levels and have distinct func-
tions in cellular processes (28-30). We observed that ERK2 has
significantly higher expression levels than ERK1 in the membrane
fraction of ECs (Fig. 3E). Immunoprecipitation with anti-ERK1 and
anti-ERK2 antibodies followed by immunoblotting with anti-
VE-cadherin showed that ERK2, but not ERK1, interacts with
VE-cadherin in ECs (Fig. 3, F and G). Lactate treatment induced
disassociation of ERK2 from VE-cadherin in ECs (Fig. 3F). These
data suggest that ERK2 and VE-cadherin are colocalized on the
membrane of ECs. Lactate treatment can induce the disassociation
between ERK2 and VE-cadherin in ECs.

To investigate whether lactate could promote ERK phosphorylation,
resulting in the dissociation of ERK2 from VE-cadherin on the
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Fig. 2. Lactate decreases VE-cadherin levels following polymicrobial sepsis. (A) Representative flow density plot and quantitative analysis for VE-cadherin (CD144)-
positive EC frequency in the tissues of Tie2-GFP reporter mice (n = 4). (B) Representative immunofluorescent staining images of GFP-labeled EC (green), VE-cadherin (red),
and nuclei (DAPI, blue) in the lung tissues of Tie2-GFP reporter mice. Scale bar, 100 um. (C) Western blot detection of VE-cadherin protein expression in whole heart lysates
of sham, CLP, Lac, and Lac + CLP mice (n=5). (D) Western blot detection of VE-cadherin protein expression in whole lung lysates of sham, CLP, Lac, and Lac + CLP mice
(n=15). (E) Western blot detection of VE-cadherin protein expression in whole heart lysates of sham, CLP, OXA, and OXA + CLP mice (n =5). (F) Western blot detection of
VE-cadherin protein expression in whole lung lysates of sham, CLP, OXA, and OXA + CLP mice (n =5). VE-cad, VE-cadherin. Two-way ANOVA with Tukey’s test. *P < 0.05;

**P<0.01; ***P<0.001.

membrane of ECs, we first examined ERK1/2 phosphorylation in
lactate-treated ECs. Lactate treatment markedly increased the levels
of phosphorylated ERK1/2 by 82.4% compared with untreated
control (Fig. 3H). We also performed immunostaining with anti-
phosphorylated ERK1/2. In contrast to the ERK1/2, we observed

Yang et al., Sci. Adv. 8, eabm8965 (2022) 27 April 2022

that the phosphorylated ERK1/2 is exclusively localized in the cyto-
plasm of ECs (Fig. 3I). To confirm that ERK phosphorylation is an
important step for lactate-induced disruption of VE-cadherin integrity
on the membrane of ECs, we treated ECs with LY3214996 to sup-
press ERK1/2 phosphorylation before lactate stimulation. As shown

40f17



SCIENCE ADVANCES | RESEARCH ARTICLE

*k
A B o> |
oyio vem --n comatzaion 2157 wx L gy
o Con Lac Con Lac ! 'g IS 1.0- e « Lac
1] 3 1] . —
4 ££ . T pHes
(7] S o .9:) :
[ o TP81 2505
& 8
S 7
[ e creon £8 ool ——
2 ) *k
< 15 5 okl
3 2 ki § 2215y **
- i c ol i
10 g g . * Con
ey Qo =
ef EEol+ * Lac
2« 0.5 Qc . 2
= . = : pH 6.8
o] [0} g .
0.0 © > 5 0.5 e
Con Lac 5 ]
[CEN :
w .
m > 0 0__|_|_|_
D E cyto mem ° g * F  AniErRK2 §15 *
Anti-ERK1/2 & ERKI 5 — 5
EV\ 2 T>) 6 Con e 1o° =
Con Lac IgG = =
ERK2 Ex IB: VE-cad = 1-0
o €100 kDa |B: VE-cad EL£4 o <100 kDa g
[ 0l 1) 1
) <00 k0aATP1A1 29 3 ) @ 0.5
© E<40kna IB: ERK1/2 8 a2 <o B ERE2 O
ERK1 ERK2 Con Lac
Untreated HUVECs
G Anti-ERK1 H con Lac ** ceosg e p-ERK1/2
Con Lac IgG S0
s [ = laowmreraiz £Ze * ERKIR2
8 IB: ERK1 92
<«q40kDa €30 kDa GAPDH T o
2 S
@3
2

Fig. 3. Lactate promotes VE-cadherin disorganization by inducing ERK1/2 phosphorylation and decreasing junctional ERK2 expression. (A) Representative
immunofluorescent staining images of VE-cadherin (red), ERK (green), and nuclei (DAPI, blue) in sparse and confluent HUVECs. (B) HUVECs were treated with lactate for
6 hours followed by Western blot analysis of the ERK protein levels in the membrane fraction (n =4). (C) Representative immunofluorescent staining images of VE-cadherin
(red), ERK (green), and nuclei (DAPI, blue) in HUVECs treated with lactate or acidic medium (pH 6.8) for 6 hours. Colocalization between ERK and VE-cadherin staining was
analyzed by plotting fluorescence intensity profiles along red arrow lines using ZEN 3.1 (blue edition). White arrowheads indicate the colocalization of ERK with VE-cadherin
at the plasma membrane in HUVECs (n =5). (D) HUVECs were treated with lactate for 6 hours. Protein lysates (200 ug) were precipitated with anti-ERK1/2 antibody fol-
lowed by immunoblotting with anti-VE-cadherin antibody. (E) Western blot analysis of ERK1/2 levels in cytosolic and membrane fractions of untreated HUVECs (n = 3).
(F and G) HUVECs were treated with lactate for 6 hours. Protein lysates (200 ug) were precipitated with anti-ERK2 (F) and anti-ERK1 (G) antibodies followed by immuno-
blotting with anti-VE-cadherin antibody (n = 3). (H) Western blot analysis of p-ERK and ERK expressions in lactate-treated ECs (n = 3). (I) Representative immunofluorescent
staining images of p-ERK and ERK in confluent HUVECs. White arrows indicate membrane ERK staining in HUVECs. Membrane levels of p-ERK1/2 and ERK1/2 fluorescence
were analyzed by ZEN 3.1 (blue edition) (n = 5). mem, membrane fraction. Cyto, cytosol fraction. CO-IP, co-immunoprecipitation. Student’s two-tailed unpaired t test (B, E,
F, H, and I). One-way ANOVA with Tukey’s test (C). *P < 0.05; **P < 0.01; ***P < 0.001.

in fig. S5 (A and B), inhibition of ERK1/2 phosphorylation by
LY3214996 attenuated lactate-induced disassociation of ERK
with VE-cadherin on the plasma membrane and abolished lactate-
induced VE-cadherin disruption on ECs. We have observed that
ERK2, instead of ERK1, interacts with VE-cadherin at the mem-
brane of EC. To further dissect whether lactate-induced ERK2
phosphorylation and disassociation from VE-cadherin contribute
to lactate-induced VE-cadherin disruption, we transfected HUVECs
with either wild-type ERK2 (WT-ERK2) or mutant ERK2T183A/
Y185F (MU-ERK2) plasmids (31). The MU-ERK2 cannot be phos-
phorylated or activated (fig. S6B), and both WT and MU-ERK2
plasmids were labeled with enhanced GFP (31). As shown in fig.
S6A, upon transient transfection, WT-ERK2 and MU-ERK2 were

Yang et al., Sci. Adv. 8, eabm8965 (2022) 27 April 2022

distributed throughout the cell body, including the membrane
(arrows). Immunoprecipitation with anti-GFP antibody followed
by immunoblotting with anti-VE-cadherin showed that both
WT-ERK2 and MU-ERK2 interact with VE-cadherin in ECs (fig.
S6B). Notably, forced inactivation of ERK2 (MU-ERK2) attenuated
lactate-induced ERK2 disassociation from VE-cadherin (fig. S6B)
and maintained VE-cadherin integrity and expression in lactate-
treated ECs (fig. S6, A and C). Together, these data suggest that the
colocalization of ERK2 with VE-cadherin on the membrane of ECs
is important for the stabilization of VE-cadherin-mediated adherens
junction of ECs and that ERK2 phosphorylation could be responsible
for lactate-induced VE-cadherin disruption by disassociation of
VE-cadherin with ERK.
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Lactate-induced ERK1/2 phosphorylation is mediated by
cAMP/RAF1/MEK signaling

It is reported that lactate activates GPR81 and inhibits the forma-
tion of second messenger cyclic adenosine monophosphate (cAMP)
via adenylyl cyclase (Fig. 4A) (32). cAMP inhibits ERK signaling in
various cell types (33-35). To investigate whether lactate-induced
ERK phosphorylation is mediated by suppression of cAMP forma-
tion, we treated ECs with cAMP-elevating agent, forskolin, before
lactate stimulation. Forskolin directly activates adenylyl cyclase and
raises CAMP levels (Fig. 4A) (35). As shown in Fig. 4 (B and C),
forskolin attenuated lactate-induced VE-cadherin disruption and
lactate-induced decreases in VE-cadherin levels in ECs. In addition,
forskolin also attenuated lactate-induced ERK1/2 phosphoryl-
ation (Fig. 4D). Previous studies indicate that cAMP inhibits RAF1/
mitogen-activated protein kinase kinase (MEK) signaling, which
contributes to ERK inactivation (36, 37). We observed that forsko-
lin diminished lactate-induced RAF1/MEK/ERK activation (Fig. 4D).
In addition, silencing of MEK1/2 by their specific small interfering
RNAs (siRNAs) before lactate treatment suppressed lactate-induced
ERK1/2 phosphorylation and VE-cadherin down-regulation in ECs
(Fig. 4E), suggesting that lactate induced ERK phosphorylation, and
VE-cadherin disruption is mediated, at least in part, by cAMP/RAF1/
MEK signaling. The exchange protein directly activated by cAMP
(EPAC) is a critical effector protein of cAMP (38). Several lines of
evidence implicate that cAMP-mediated EPAC activation stabilizes
VE-cadherin via regulating cytoskeleton dynamics in HUVECs
(39, 40). Of note, a recent study shows that administration of EPAC
agonist reduced lactate-induced bone marrow vascular permeability
(21). Consistent with this observation, we found that pretreatment
of EPAC agonist maintained VE-cadherin integrity (Fig. 4F) and
VE-cadherin protein levels (Fig. 4G) in lactate-stimulated ECs. How-
ever, EPAC agonist had no effects on lactate-induced activation of
RAF1/MEK/ERK signaling (Fig. 4H). These data suggest that both
suppression of CAMP/EPAC signaling and activation of RAF1/MEK/
ERK signaling contribute to lactate-induced VE-cadherin disruption
in ECs (Fig. 4A). This conclusion is supported by the observation
that inhibition of MEK/ERK signaling synergizes the permeability-
reducing effect of EPAC agonist (41).

Lactate increases calpain activity via ERK phosphorylation
for VE-cadherin disruption

Activation of calpain, which is a Ca**-dependent intracellular cysteine
protease, has been reported to mediate the proteolytic disorganiza-
tion of VE-cadherin (42). Therefore, we examined whether lactate
could induce calpain activation for VE-cadherin proteolytic cleavage
on ECs. In vivo data show that polymicrobial sepsis increased the
levels of calpainl in heart (fig. S7A) and lung (fig. S7B) tissue lysates
compared with sham control, which was further increased by ad-
ministration of supplemental lactate in septic mice. Immunofluo-
rescent staining of lung tissues with anti-calpainl, anti-calpain2,
and anti-CD31 antibodies showed that polymicrobial sepsis increased
levels of calpain1 (red color, Fig. 5A) and calpain2 (red color, Fig. 5B)
in ECs, as compared with sham control. Notably, administration of
supplemental lactate further increased levels of endothelial calpian1/2
in lung tissue (Fig. 5, A and B) of septic mice, when compared with
vehicle-treated septic mice. To validate these observations, we per-
formed in vitro experiments using ECs treated with or without lactate.
As shown in Fig. 5C, lactate markedly increased calpain1/2 protein
levels in ECs in a time-dependent manner. In addition, lactate
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treatment significantly up-regulated total calpain enzyme activity in
ECs (Fig. 5D). These data suggest that lactate can increase calpain
expression and enzyme activity in ECs during polymicrobial sepsis.

We then investigated the role of calpain in lactate-induced
VE-cadherin disruption on ECs. As shown in Fig. 5E, lactate treatment
disrupted VE-cadherin (red color) and increased levels of calpainl
(green color) in ECs. There is an interaction between calpainl
(green) and VE-cadherin (red) in the merged image (white arrow)
in lactate-treated ECs (Fig. 5E). Immunoprecipitation assay shows
that lactate increased calpainl1 (Fig. 5F) and calpain2 (Fig. 5G) levels
in the VE-cadherin immunoprecipitants. To assess whether calpain
activation is required for the proteolytic cleavage of VE-cadherin in
lactate-treated ECs, we silenced calpainl and calpain2 with specific
siRNAs and examined VE-cadherin levels in the ECs treated with
and without lactate. As shown in fig. S8 (A and B), lactate treatment
significantly decreased VE-cadherin levels. However, silencing of
calpainl (fig. S8A) or calpain2 (fig. S8B) markedly attenuated
lactate-induced decreases in VE-cadherin in ECs. Similarly, treatment
of ECs with calpeptin, a calpain inhibitor, also attenuated lactate-
induced decreases in VE-cadherin (fig. S8C). These data indicate that
lactate-induced activation of calpain can contribute to proteolytic
cleavage of VE-cadherin in ECs.

Previous studies have demonstrated that ERK phosphorylation
leads to calpain activation (43, 44). We observed that lactate induced
ERK phosphorylation in ECs (Fig. 3H). To dissect whether lactate-
increased calpain expression and enzyme activity are mediated by
ERK phosphorylation, we treated ECs with LY3214996 before
lactate stimulation. Figure S5B shows that inhibition of ERK phos-
phorylation by LY3214996 markedly attenuated lactate-induced
increases in calpainl/2 levels and lactate-induced decreases in
VE-cadherin levels in ECs. Collectively, these data suggest that
lactate can promote ERK-dependent activation of calpainl/2 in ECs.
Consequently, activated calpain1/2 induces VE-cadherin proteolytic
cleavage and degradation.

Lactate promotes clathrin1- and caveolin1-mediated
endocytosis of VE-cadherin

Next, we sought to determine whether lactate-induced calpain-
mediated proteolytic cleavage of VE-cadherin could result in
VE-cadherin endocytosis, resulting in decreased VE-cadherin levels
on the membrane of ECs. We first examined the levels of endocytosis
mediators, such as clathrinl, caveolinl, rab11, and rab5 in the ECs
treated with and without lactate (45). Our data show that the levels
of clathrinl and caveolinl, but not rab11 and rab5, were significantly
increased in lactate-treated ECs in a time- and dose-dependent manner
(fig. S9, A to C). We then focused on clatherinl- and caveolinl-
mediated endocytosis of VE-cadherin. Immunofluorescence staining
with anti-VE-cadherin, anti-clathrinl, and anti-caveolinl antibodies
shows that lactate induced VE-cadherin internalization into caveolinl
(fig. S9D) and clathrinl (fig. S9E) endosomes in ECs, as evidenced
by colocalization of VE-cadherin with clathrinl or caveolinl. En-
hanced VE-cadherin internalization was also accompanied by dis-
rupted VE-cadherin complex on the cell surface of ECs (fig. S9, D
and E). Consistently, immunoprecipitation with anti-VE-cadherin
followed by immunoblotting with anti-caveolinl also showed that
lactate markedly increased caveolinl levels in the VE-cadherin
immunocomplex (fig. S9F). To further confirm the role of clatherinl-
and caveolinl-mediated endocytosis of VE-cadherin in lactate-
induced disruption of VE-cadherin on the surface of ECs, we treated
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Fig. 4. Lactate-suppressed adenylyl cyclase activity contributes to VE-cadherin down-regulation by activation of RAF1/MEK/ERK signaling. (A) A scheme depicting
lactate mode of action in regulating VE-cadherin stability via GPR81/cAMP signaling. (B) HUVECs were treated with adenylyl cyclase activator (forskolin, 10 uM) before
lactate stimulation for 6 hours. Representative immunofluorescent staining images of VE-cadherin (red) and nuclei (DAPI, blue) in HUVECs. (C) Western blot analysis of
VE-cadherin in HUVECs pretreated with forskolin followed by lactate stimulation for 6 hours (n = 4). (D) Western blot analysis of RAF1/MEK/ERK signaling in HUVECs pre-
treated with forskolin followed by lactate stimulation (n =4). (E) HUVECs were transfected with siRNAs for MEK1/MEK2 and scramble control siRNA for 24 hours before
lactate stimulation for 6 hours. Expression of VE-cadherin, p-ERK1/2, and MEK1/2 were assessed by Western blot (n = 4). (F) HUVECs were treated with EPAC agonist
(8-CPT-2Me-cAMP, 100 uM) before lactate stimulation for 6 hours. Representative immunofluorescent staining images of VE-cadherin (red) and nuclei (DAPI, blue) in
HUVECs. (G) Western blot analysis of VE-cadherin in HUVECs pretreated with EPAC agonist followed by lactate stimulation for 6 hours (n = 4). (H) Western blot analysis of
RAF1/MEK/ERK signaling in HUVECs pretreated with forskolin followed by lactate stimulation (n =4). EPAC, exchange protein directly activated by cAMP. Con, control.
Two-way ANOVA with Tukey’s test. *P < 0.05; **P <0.01; ***P < 0.001.
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paired t test (E). *P < 0.05; **P < 0.01; ***P < 0.001.

ECs with dynamin inhibitors to suppress the endocytosis before
lactate treatment and examined VE-cadherin levels in HUVECs.

(fig. S9H). Together, our data suggest that disorganized VE-cadherin
induced by lactate is susceptible to caveolinl-/clathrinl-dependent

Dynamin is a large guanosine triphosphate, which is necessary for
clathrinl- and caveolinl-dependent endocytosis by assembling into
polymers on the necks of budding membranes and facilitating the
membrane fission (fig. S9G) (45). We found that suppression of
endocytosis by dynamin inhibitor (Dynasore, DNSR) prevented
lactate-induced decreases in the levels of VE-cadherin in ECs

Yang et al., Sci. Adv. 8, eabm8965 (2022) 27 April 2022

endocytosis.

Calpain1/2 inhibition abolished lactate-induced endocytosis
of VE-cadherin in ECs

The above data show that lactate activates calpain1/2 for VE-cadherin
proteolytic disorganization, leading to clathrinl-/caveolinl-dependent
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endocytosis of VE-cadherin in ECs (fig. S9). To investigate whether
inhibition of calpain1/2 could prevent clathrinl-/caveolinl-mediated
endocytosis of VE-cadherin, we treated ECs with the calpain inhib-
itor, calpeptin, before lactate treatment and examined the association
between VE-cadherin and caveolinl/clathrinl by immunoprecipi-
tation. Figure 6 (A and B) shows that lactate treatment increased
caveolinl and clathrin1 levels in VE-cadherin immunoprecipitants.
However, calpain inhibition by calpeptin significantly attenuated
lactate-induced increases in caveolinl (Fig. 6A) and clathrin1 (Fig. 6B)
levels in VE-cadherin immunoprecipitants. Similarly, lactate treat-
ment increased VE-cadherin in both caveolinl immunoprecipitants
(Fig. 6C) and clathrinl immunoprecipitants (Fig. 6D), which were
attenuated by inhibition of calpain1/2 with calpeptin. In agreement
with this, silencing of calpainl or calpain2 by specific siRNAs
strongly reduced VE-cadherin protein levels in caveolinl (fig. SI0A)
and clathrinl (fig. S10B) immunoprecipitants of lactate-treated ECs.
We also performed immunofluorescent staining to examine the
effect of calpain1/2 inhibition on the colocalization of VE-cadherin
with clathrinl or caveolinl in ECs treated with or without lactate.
Our data show that lactate treatment disrupted VE-cadherin on the
plasma membrane of ECs and induced colocalization of VE-cadherin
with caveolinl (white arrows, Fig. 6E) or clathrinl (white arrows,
Fig. 6F). However, calpain inhibition by calpeptin prevented lactate-
induced VE-cadherin disorganization and caveolin1-/clathrin1-mediated
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endocytosis (Fig. 6, E and F). As expected, silencing of calpain1/2 by
their specific siRNAs showed consistent results (fig. S10, C and D).
Collectively, these data suggest that lactate promoted calpainl/2-
mediated proteolytic cleavage of VE-cadherin, which subsequently
leads to caveolinl-/clathrin1-dependent endocytosis of VE-cadherin.

Lactate induces VE-cadherin disorganization via GPR81

GPR81 is a receptor for lactate (18, 32, 46). We investigated whether
lactate-induced VE-cadherin disorganization and endocytosis are
mediated via GPR81-dependent signaling. GPR81 was silenced in
ECs by transfection with its specific siRNA before lactate treatment,
and VE-cadherin levels were examined. Our data show that knock-
down of GPR81 significantly attenuated lactate-induced decreases
in VE-cadherin levels (Fig. 7A) and prevented lactate-induced dis-
ruption of VE-cadherin at the plasma membrane of ECs (Fig. 7B).
The in vitro permeability assay showed that silencing of GPR81 pre-
vented lactate-induced hyperpermeability of endothelium (Fig. 7C).
Consistently, treatment of ECs with the GPR81 antagonist 3-hydroxy-
butyrate acid (3-OBA) also attenuated lactate-induced decreases in
VE-cadherin (Fig. 7D) and lactate-induced endothelium hyper-
permeability (Fig. 7E). In addition, GPR81 inhibition by 3-OBA
attenuated lactate-induced ERK1/2 phosphorylation and lactate-
increased calpainl/2 levels in ECs (Fig. 7F). Monocarboxylate
transporter 1 (MCT1) is a lactate transporter involved in the influx
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Fig. 6. Calpain activation is required for lactate-induced VE-cadherin endocytosis. (A and B) HUVECs were treated with calpeptin (10 uM) for 1 hour before lactate
stimulation for 6 hours. Protein lysates (200 ug) were precipitated with anti-VE-cadherin antibody followed by immunoblotting with anti-caveolin1 antibody (A) or
anti-clathrin1 antibody (B) (n = 3). (C and D) HUVECs were treated with calpeptin (10 uM) for 1 hour before lactate stimulation for 6 hours. Protein lysates (200 ug) were
precipitated with anti-caveolin1 antibody (C) or anti-clathrin1 antibody (D) followed by immunoblotting with anti-VE-cadherin antibody (n = 3). (E) Representative immuno-
fluorescent staining images of VE-cadherin (red), caveolin1 (green), and nuclei (DAPI, blue) in lactate-stimulated HUVECs pretreated with DMSO or calpeptin. White arrows
indicate colocalization between VE-cadherin and caveolin1. Scale bar, 20 um. (F) Representative immunofluorescent staining images of VE-cadherin (red), clathrin1
(green), and nuclei (DAPI, blue) in lactate-stimulated HUVECs pretreated with DMSO or calpeptin. White arrows indicate colocalization between VE-cadherin and clathrin1.
Scale bar, 20 um. Two-way ANOVA with Tukey's test (A to D). *P < 0.05; **P < 0.01; ***P < 0.001.

Yang et al., Sci. Adv. 8, eabm8965 (2022)

27 April 2022 9of 17



SCIENCE ADVANCES | RESEARCH ARTICLE

A siR-Con  siR-GPR81

Con Lac Con Lac

|- o — -lmmkDyE-cad

|- —_ = -|<3OKDEGAPDH

*
e Control

e Lactate

-
[$)]

1
* ns
]—‘ i

VE-cadherin
IGAPDH

o o =
o u o

siRNA
Con

siRNA
GPR81

Vehicle 3-OBA

Con Lac Con Lac

|- — -|<1oukoa

VE-cad

F—-.—l <««okoa B-Actin

Vehicle 3-OBA

Con Lac Con Lac

| g—— | <aows P-ERK1/2

[ o0 ERK172

|- -— -l «€70kDa Calpain1

|— — — | Calpain2
<4 70kDa

D:

|_~ | <ok B-Actin

DMSO CHC

Con Lac Con Lac

=

e l <€40kDa P-ERK1/2

[ s = | <o K12
| - 'l <0k0a Calpain1
| - — ‘l <«7okpa CaIPEIN2

l.- S— |<40kDa GAPDH

Fig. 7. Lactate-induced VE-cadherin disorganization is mediated by GPR81 signaling. (A and B) GPR81 was silenced by transfection with specific siRNA for 24 hours
before lactate stimulation. Cells transfected with scramble siRNAs were used as controls. VE-cadherin expression was assessed by Western blot (A), and VE-cadherin local-
ization was examined by immunofluorescent staining (B). Scale bar, 20 um. (C) Levels of FITC-dextran penetration through GPR81-silenced HUVEC monolayer upon lactate
stimulation (n = 4). Cells transfected with scramble siRNAs were used as controls. (D and E) HUVECs were treated with GPR81 antagonist 3-OBA (5 mM) for 1 hour before
lactate stimulation. Expression of VE-cadherin was assessed by Western blot (D) (n = 3). Permeability was examined by levels of FITC-dextran penetration through endo-
thelium (E) (n =4). (F) HUVECs were treated with GPR81 antagonist 3-OBA (5 mM) for 1 hour before lactate stimulation. Expression of ERK, p-ERK, and calpain1 was
assessed by Western blot (n = 3). (G) HUVECs were treated with an MCT inhibitor (CHC, 3 mM) for 1 hour before lactate stimulation. Expression of ERK, p-ERK, and calpain1
was assessed by Western blot (n = 3). Two-way ANOVA with Tukey's test. 3-OBA, 3-hydroxy-butyrate acid. CHC, 2-Cyano-3-(4-hydroxyphenyl)-2-propenoic acid. siR, siRNA.

*P <0.05; **P <0.01; ***P < 0.001.

Yang et al., Sci. Adv. 8, eabm8965 (2022) 27 April 2022

Control Lactate c
c
Q
Q
; . .
"
)
x
o
Q
"
E
*
c
B * ns e Control
Z':,_g)g ’—I rno. Lactate
£06
<04
§02
?0.0
g PBS 3-OBA

« Control * Lactate e Control ¢ Lactate
*

* %k

1 1
N4 gk ns *% ns
N £3
%3 3
w <
S &2
< =
X 1 ® 1
w =3
s So

PBS 3-OBA PBS 3-OBA

e Control e Lactate
ns

E

e Control * Lactate

ns
1

%k %k k

*
% %

p-ERK1/2/ERK1/2
o =N w A O

DMSO CHC DMSO CHC

e Control e Lactate

% %k %k
1
* %k %k ns
Zg, M1 i
3 e
©
o
£4
[9]
Qo
22
ks
[0}
X0
siRNA  siRNA
Con  GPR81

e Control ¢ Lactate

2

E4 *kk ns
S

o3 .

E ”e

S

g2

(]

2 1 o ofos oo
c

[0}

x 0

e Control ¢ Lactate
*k

I 1]

£14

3
<12
@

N 1.0

c

Sos

O 06

PBS 3-OBA

¢ Control ¢ Lactate

ns
1

o 25 * * %
<
£ 20 ’_\ F
Wis
T10
Fos
Y

DMSO CHC



SCIENCE ADVANCES | RESEARCH ARTICLE

of lactate (18). To investigate whether MCT1 is involved in lactate-
induced activation of ERK1/2 and calpainl/2, we treated ECs with
an MCT inhibitor [2-cyano-3-(4-hydroxyphenyl)-2-propenoic acid
(CHCQ)] before lactate stimulation and examined ERK1/2 phos-
phorylation and calpainl/2 expression. As shown in Fig. 7G, MCT
inhibition had no effects on lactate-induced activation of ERK1/2
and calpainl/2.

To validate the critical role of GPR81 signaling, we treated
ECs with a specific GPR81 agonist 3,5-Dihydroxybenzoic acid
(3,5-DHBA) (21) before lactate administration and examined ERK
phosphorylation and calpainl/2 levels. We found that GPR81 acti-
vation by 3,5-DHBA at 5 mM significantly decreased VE-cadherin
levels (fig. S11A) and increased ERK phosphorylation (fig. S11B)
and calpain1/2 levels (fig. S11C) in ECs. Collectively, these data
suggest that lactate-driven activation of GPR81 signaling contrib-
utes to disorganized VE-cadherin, leading to increased endothelium
permeability.

Inhibition of GPR81/lactate signaling improves vascular
barrier function and prevents death in polymicrobial sepsis
Next, we examined whether in vivo GPR81 inhibition could attenuate
sepsis-induced vascular permeability and improve survival outcome.
Polymicrobial sepsis was induced by CLP surgery in GPR81 knock-
out (GPR817") and WT mice. The expression of GPR81 in heart
lysates of WT and GPR81~~ mice was examined by Western blot
(Fig. 8A). GPR81 deficiency had no effects on sepsis-induced eleva-
tion of serum lactate levels (Fig. 8B). Flow cytometry analysis using
anti-CD31 and anti-VE-cadherin antibodies showed that sepsis
markedly decreased VE-cadherin levels in the ECs of heart (34.9 +
1.9 versus 43.4 + 3.1) and liver (6.2 *+ 3.4 versus 21.4 + 2.6) com-
pared with sham controls (Fig. 8C). In contrast, GPR81 deficiency
markedly attenuated sepsis-induced decreases in VE-cadherin ex-
pressions in the heart and liver tissues (Fig. 8C). Consistently,
Western blot analysis showed that knockout of GRP81 protected
sepsis-induced decreases in VE-cadherin levels of both heart (Fig. 8D)
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Fig. 8. Inhibition of GPR81 signaling attenuates vascular permeability and improves survival outcomes in polymicrobial sepsis. (A) Western blot detection of
GPR81 protein expression in whole heart lysates of WT and GPR81 knockout (KO) mice. (B) WT and GPR81 KO mice were subjected to CLP or sham surgery. Serum samples
were collected 24 hours after surgery, and serum lactate levels were assessed by a commercially available kit (n = 6). (C) Representative flow density plot and quantitative
analysis for VE-cadherin (CD144) positive EC (CD31) frequency in the heart and liver tissues of WT and GPR81 KO mice 24 hours following sham or CLP surgery (n =3 to 4).
(D) Western blot detection of VE-cadherin protein expression in whole heart lysates of WT and GPR81 KO mice following sham and CLP surgery (n =5). (E) Western blot
detection of VE-cadherin protein expression in whole lung lysates of WT and GPR81 KO mice following sham and CLP surgery (n =5). (F and G) Serum levels of creatinine
(F) and AST (G) were assessed by commercially available ELISA kits in WT and GPR81 KO mice following sham or CLP surgery (n =7). (H and ) EF (C) and left ventricular FS
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and lung (Fig. 8E) tissue lysates, when compared to WT septic mice.
Next, we examined vascular permeability in WT and GPR81™~
mice following CLP/sham surgery. Our data show that GPR81 defi-
ciency significantly attenuated sepsis-induced vascular permeability
in the lung (fig. S12A), liver (fig. S12B), and kidney (fig. S12C). In
addition, we found that GPR81 deficiency also protected septic
mice from lactate supplementation-induced permeability in the
lung (fig. S12D), liver (fig. S12E), and kidney (fig. S12F). Moreover,
GPR81 deficiency attenuated kidney, liver, and heart dysfunction in
septic mice, as evidenced by decreased serum levels of creatinine
(Fig. 81) and AST (Fig. 8]), and increased values of EF (Fig. 8K) and
ES (Fig. 8L). Survival outcome analysis showed that GPR81 defi-
ciency improved survival outcome by 59.3% compared with WT
septic mice (Fig. 8]). Collectively, our results reveal that GPR81 sig-
naling plays an important role in lactate-induced vascular permea-
bility via promoting VE-cadherin-mediated disruption of adherens
junction in ECs.

DISCUSSION

The present study demonstrated a previously unidentified role of
lactate, generated from aerobic glycolytic metabolism, in causing
vascular barrier dysfunction via disorganizing VE-cadherin in ECs
during polymicrobial sepsis. We found that ERK2, not ERK1, inter-
acts with VE-cadherin to stabilize VE-cadherin integrity in resting
ECs. However, lactate stimulates its receptor GPR81 to induce
ERK1/2 phosphorylation, leading to ERK2 disassociation from
VE-cadherin. In addition, lactate-induced ERK1/2 phosphorylation
and activation, mediated by GPR81/cAMP/RAF1/MEK signaling, pro-
motes the activation of the cysteine protease calpainl/2 to proteolyze

VE-cadherin on the membrane of ECs. The proteolyzed VE-cadherin
by calpainl/2 can be internalized by clathrinl- and caveolinl-
dependent endocytosis. Suppressed lactate production by glycolysis
inhibition or blockage of GPR81/lactate signaling attenuated vascular
permeability and multiple organ dysfunction and improved survival
outcome of septic mice. A schematic model summarizing these pro-
cesses is presented in Fig. 9.

In recent years, there has been renewed interest in lactate as a
risk marker in the diagnosis of sepsis and septic shock (11, 12).
Historically, hyperlactatemia during sepsis was considered as a result
of hypoxia (11). Recent studies indicate that the origins of sepsis-
induced hyperlactatemia are multifactorial, and the lungs are a
major source of lactate during sepsis (11). Lactate is recycled and
cleared from circulation primarily by liver (60%) and kidney (30%)
(47). We previously reported that polymicrobial sepsis induced
multiple organ injuries as early as 6 hours following CLP, which
could contribute to elevated serum lactate levels due to reduced lac-
tate clearance (17). Clinical evidence shows that the severity of liver
disease in septic patients is significantly associated with impaired
lactate clearance (48). Therefore, to study whether lactate accumu-
lation induces vascular injury, we administrated lactate via intra-
peritoneal injection 6 hours after CLP-induced sepsis (17). We
observed that CLP promoted vascular permeability and multiple
organ injuries, which was worsened by lactate administration. How-
ever, administration of lactate to sham mice had no significant
effects on serum lactate levels, vascular permeability, and organ
dysfunction. This observation is in agreement with a recent study
by Haugen et al. (49) showing that circulating lactate reaches a peak
concentration at 13 min and is back to baseline concentrations after
37 min following lactate injection in sham mice.

2. Inflammation:

1. Steady state
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Fig. 9. Scheme of lactate-induced vascular hyperpermeability by promoting VE-cadherin cleavage and endocytosis in sepsis. During sepsis, aerobic glycolysis—
derived lactate activates GPR81-dependent signaling in ECs, which results in suppressed cAMP formation and activation of RAF1/MEK/ERK signaling. ERK1/2 phosphorylation
induces ERK2 disassociation from VE-cadherin. In addition, lactate induces ERK1/2-dependent activation of calpain1/2 for VE-cadherin cleavage and endocytosis. Endo-

cytosis of VE-cadherin leads to endothelium permeability.
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VE-cadherin is the principal cell-cell adhesion molecule of the
endothelial adherens junction (22). Catenins, such as B-catenin and
p120, have been reported to bind with the cytoplasmic domain of
VE-cadherin and maintain the endothelial barrier function by sta-
bilizing VE-cadherin at the plasma membrane in ECs (50). Our re-
sults reveal that ERK2 may also serve as a stabilizer to VE-cadherin
complex and maintain VE-cadherin-mediated adherens junction.
Previous studies have shown that ERK1/2 signaling plays a critical
role in regulating endothelium barrier function (27, 51, 52). Breslin
and colleagues demonstrated that ERK1/2 mediates VEGF signaling
cascade leading to endothelial hyperpermeability (51). Pharmaco-
logical inhibition of MEK/ERKI1 signaling abolished VEGF-induced
endothelium permeability in vitro (51). Consistent with in vitro ob-
servations, inhibition of MEK/ERK signaling by trametinib, a Food
and Drug Administration-approved MEK1/2 inhibitor, prevented
CLP-induced microvascular abnormality and attenuated multiple or-
gan injuries in mice (53). In addition, a recent study by Ricard et al.
(27) shows that endothelial-specific deficiency of ERK1/2 leads to
hemorrhage in multiple organs, suggesting that ERK1/2 is necessary
for endothelium integrity. In this regard, we examined ERK signal-
ing and detected junctional localization of ERK2 in the confluent
ECs. Lactate promotes phosphorylation of ERK1 and ERK2 and
induces the disassociation between ERKs and VE-cadherin at the
plasma membrane, which makes the VE-cadherin more susceptible
to proteolytic cleavage. Expression of nonphosphorylatable ERK2
(GFP-ERK2 T183A/Y185F) protected lactate-induced disassocia-
tion of ERK2 from VE-cadherin and maintained VE-cadherin
integrity in ECs.

Calpainl (CAPNI) and calpain2 (CAPN?2) are calcium-dependent
cysteine proteases that are primarily expressed in ECs (54). It has
been shown that treatment with septic plasma from endotoxemic
mice increased calpain enzyme activity in cultured pulmonary
microvascular ECs and caused EC apoptosis (55). In addition, EC-
specific deletion of calpain showed protective effects on LPS-induced
kidney injury (56), indicating that calpain activation plays a regulatory
role in endothelial injury during inflammation. However, whether
calpain could directly disrupt the endothelial barrier by targeting
VE-cadherin-mediated adherens junction remains elusive. In the
present study, we observed that calpainl and calpain2 expressions
in ECs were increased during CLP-induced sepsis. Administration
of supplemental lactate to septic mice further up-regulated calpainl
and calpain2 levels in ECs. Our in vitro studies demonstrated that
lactate increased the expression and enzyme activity of calpainl/2,
accompanied by VE-cadherin disorganization in ECs. Pharmaco-
logical suppression of calpain by its inhibitor or knockdown calpain
expression by its specific siRNA prevented lactate-induced VE-
cadherin disassembly at the plasma membrane of ECs, suggesting
that calpainl/2 activation mediates lactate-induced endothelial
barrier dysfunction.

Increased endocytosis and degradation of VE-cadherin is an
important mechanism of vascular hyperpermeability during in-
flammation (7, 9). We also observed that lactate-induced and calpain-
mediated proteolytic cleavage of VE-cadherin resulted in VE-cadherin
internalization via clathrinl/caveolinl-dependent endocytosis. Either
inactivation of calpainl/2 or inhibition of endocytosis with dynamin
inhibitor attenuated lactate-induced VE-cadherin endocytosis.

GPR81 is a recently identified receptor for lactate (18, 21, 32, 46).
We and others have shown that GPR81/lactate signaling plays im-
portant roles in regulating immune cell functions during inflammation
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(18, 57-59). A recent study by Khatib-Massalha et al. (21) showed
that activation of GPR81/lactate signaling increases bone marrow
endothelium permeability. The mechanism involves suppressed ad-
enylyl cyclase activity and reduced formation of cAMP upon GPR81
activation (21, 32). cAMP directly binds to EPAC, which maintains
the VE-cadherin stability through regulating cytoskeleton dynamics
(39, 40). In agreement, our data showed that EPAC agonist attenuated
lactate-induced VE-cadherin disruption and maintained VE-cadherin
proteins in lactate-stimulated ECs. However, EPAC agonist had no
effects on lactate-induced ERK1/2 phosphorylation. Notably, cAMP
is reported to suppress RAF1/MEK/ERK signaling (36, 37). En-
hanced adenylyl cyclase activity by its activator (forskolin), which
increased cAMP formation, partially blocked lactate-promoted
VE-cadherin disruption and lactate-induced activation of RAF1/
MEK/ERK signaling. Our findings, combined with previous findings
(21, 32), demonstrated that GPR81/lactate signaling suppresses cAMP
formation, resulting in both ERK1/2 activation and EPAC inactiva-
tion for VE-cadherin instability. These findings explained the ob-
servation that inhibition of MEK/ERK signaling synergizes the
permeability-reducing effect of EPAC agonist (41). Our data show
that pharmacological and genetic inhibition of GPR81 attenuated
sepsis-induced vascular permeability and improved survival outcome
of septic mice.

Accumulating evidence indicates that lactate is an effector me-
tabolite of aerobic glycolysis that triggers multiple cell signaling and
participates in epigenetic regulation of gene transcription (60-62).
Several lines of evidence suggest that lactate alters the function of
immune cells during inflammation (18, 21, 57, 63, 64). An important
question that should be addressed by future studies is whether lac-
tate could contribute to vascular injury through regulating immune
cell functions, such as impaired bacterial clearance and altered cyto-
kine profiles (65, 66). As shown in the current study, elevated serum
lactate levels increased blood bacterial burden in CLP-induced
polymicrobial sepsis. Therefore, impaired bacterial clearance could
also contribute to lactate-induced vascular injury during sepsis. In
addition, we have previously reported that lactate promotes high-
mobility group box 1 (HMGB1) release from macrophages, leading
to endothelium permeability (18). However, the mechanism remains
unknown. It is reported that HMGBI transiently induces ERK1/2
phosphorylation in ECs (67). Therefore, macrophage-derived HMGB1
could also be a mediator for vascular permeability by activating
endothelial ERK1/2 signaling in patients with elevated serum
lactate levels.

In summary, the present study demonstrated a previously unknown
role of lactate in promoting vascular permeability by inducing VE-
cadherin cleavage and endocytosis in ECs. The deleterious effects of lac-
tate in vascular hyperpermeability are mediated by GPR81-dependent
signaling, raising the prospect of preventing vascular leakage by
selectively interfering with the GPR81/lactate signaling during sepsis.

MATERIALS AND METHODS

Animal information

Tg(Tie2GFP) and WT C57BL/6] mice were purchased from the
Jackson Laboratory (Indianapolis, IN). GPR81 knockout (GPR817")
mice (32) were provided by S. Offermanns (Max Planck Institute
for Heart and Lung Research, Germany). All mice were maintained
and bred at the Division of Laboratory Animal Resources at
East Tennessee State University (ETSU). Genotyping of mice was
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performed by polymerase chain reaction (PCR) using tail DNA.
Age- and sex-matched 8- to 12-week-old mice were randomly
included for experiments. Animal experiments were carried out in
a blinded fashion.

CLP-induced polymicrobial sepsis model

Mice were randomly allocated into each treatment group. Investi-
gators were blinded to group allocation during data collection and
analysis. Polymicrobial sepsis was induced by CLP as described pre-
viously (18). Briefly, following anesthesia by 5.0% isoflurane, the
abdomen was shaved, and the cecum was exposed through a 1-cm
midline incision. The cecum was ligated between the third and
fourth vascular arcade with a 4-0 silk suture and punctured with a
25-gauge needle. Sham surgically operated mice served as sham
controls. Following surgery, a single dose of resuscitative fluid was
administrated by subcutaneous injection. Terminal collection of
blood was done via the vena cava. Serum was prepared as described
elsewhere and stored at —80°C for further experiments.

Endotoxemia model
Endotoxemia was induced in mice by intraperitoneal injection of
LPS (10 mg/kg body weight), and the same volume of PBS was in-
jected as controls (66).

Bacterial burden assay

Blood samples were collected at 24 hours after CLP and sham
surgery and serially diluted with sterile PBS. Sterile dilutions in PBS
were inoculated onto both sheep’s blood agar and anaerobic blood
agar plates. The cultures were incubated 18 to 48 hours under aerobic
or anaerobic conditions at 37°C. The anaerobic conditions were
achieved by using an anaerobic jar with a GasPak EZ Gas Generating
Sachet (Becton Dickinson). The total number of colonies was counted,
and colony-forming units per milliliter were calculated.

Enzyme-linked immunosorbent assay

Serum lactate levels were measured by Lactate Assay Kit (Sigma-
Aldrich) following the manufacturer’s instructions (18). Serum
levels of creatinine and aspartate aminotransferase (AST) were as-
sessed by commercial kits from Sigma-Aldrich. Tissues were either
stored at —80°C or fixed in 4% paraformaldehyde (PFA) for further
experiments.

In vivo treatments

To investigate whether increased serum levels of lactate will cause
vascular barrier dysfunction, lactic acid (Sigma-Aldrich) was injected
intraperitoneally (pH 6.8, 0.5 g/kg body weight) 6 hours following
CLP/sham surgery. To suppress lactate production, sodium oxamate
(0.75 g/kg body weight) was intraperitoneally injected 3 hours before
CLP or sham surgical operation.

In vivo vascular permeability assay

VE barrier function was assessed using the EBD assay, as described
previously (68). EB (0.5%, dissolved in sterile PBS) was filtered and
injected into mice via the penile vein 30 min before mice were
sacrificed. Subsequently, mice were perfused with PBS via the left
ventricle to remove the intravascular dye. Livers and kidneys were
collected, air-dried, and weighted. EBD was extracted in formamide
(500 pl) at 55°C for 48 hours. The remaining tissues were pelleted by
centrifugation at 2000g for 10 min. EBD in tissue supernatants was
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quantitated by spectrophotometric analysis at 610 nm. Equal volume
of formamide was used as blank control.

Echocardiography

Cardiac function was measured by echocardiography 24 hours after
induction of CLP sepsis as described previously (17). M-mode tracings
were used to measure left ventricular wall thickness and left ventric-
ular end-systolic/end-diastolic diameter. Percentage of FS and EF
were calculated as previously described (69).

Cell culture

HUVECs were purchased from the American Type Culture Collection
(ATCC) and cultured in F-12K medium (Kaighn’s) supplemented
with growth factors (EC growth factor kit-VEGF, ATCC) and 5% fetal
bovine serum. HCMECs were purchased from iXCell Biotechnologies
and cultured in EC growth medium under conditions suggested by
iXCell Biotechnologies. For in vitro lactate treatment, confluent cells
were stimulated with 10 mM lactate for 6 hours. In separate experi-
ments, confluent HUVECs were treated with a GPR81 agonist
(3,5-DHBA, dissolved in PBS, 2.5 or 5 mM), a GPR81 antagonist
(3-OBA, dissolved in PBS, 5 mM), a dynamin inhibitor [Dynasore
I (DNSRI), dissolved in dimethyl sulfoxide (DMSO), 20 uM], a
calpain inhibitor (calpeptin, dissolved in DMSO, 10 pM), and an
ERK inhibitor (LY3214996, dissolved in DMSQO, 5 uM) for 1 hour
followed by lactate (10 mM) stimulation for 6 hours.

Cell transfection

To silence calpainl, calpain2, MEK1, MEK2, and GPR81, HUVECs
(~80% confluence) were transfected with specific siRNAs (40 nmol;
Invitrogen) for 24 hours using Lipofectamine 2000. Cells transfected
with scramble siRNAs were used as controls. The knockdown effi-
ciency was examined by Western blots with anti-calpainl, anti-
calpain2, anti-MEK1/2, and anti-GPR81 antibodies. WT ERK2
(GFP-ERK2) and mutant ERK2 (GFP-ERK2 T183AY185F) plasmids
were acquired from Addgene (31). WT-ERK2 and MU-ERK2
plasmids were transfected into HUVECs (80% confluence) using
Lipofectamine LTX Reagent with PLUS reagent (Thermo Fisher
Scientific) for up to 48 hours.

In vitro tube formation assay

Corning Matrigel matrix (stored at —20°C) was thawed at 4°C over-
night. Matrigel matrix (100 pl) was added to each well of a 96-well
plate followed by incubation at 37°C for 30 min. HUVECs (10* cells
per well) were seeded on Matrigel-coated wells in medium contain-
ing either 10 mM lactate or PBS. Tube formation of HUVECs was
photographed 24 hours after incubating at 37°C with 5% CO,, as
described previously (69).

Flow cytometry

To detect the cell death and apoptosis, HUVECs treated with lac-
tate or acidified medium (pH 6.0) were stained with annexin V
and propidium iodide using the FITC Annexin V Apoptosis De-
tection Kit (BioLegend) and analyzed by a FACSfortessa flow
cytometer (Becton Dickinson). To examine the VE-cadherin
expression in primary ECs, tissues were harvested and digested
by digestion buffer [collagenase I (1 mg/ml) and collagenase IV
(1 mg/ml)] at 37°C. Single-cell suspension was stained with
single-color antibodies (outlined in table S1) for 30 min on ice.
After washing three times, cells were analyzed using a FACSfortessa
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flow cytometer (Becton Dickinson). Results were analyzed by the
Flow]o software.

Preparation of cellular membrane and cytosol proteins

Total membrane and cytosol proteins in HUVECs were isolated using
the Plasma Membrane Protein Extraction Kit (Abcam) according to
the manufacturer’s instructions. In brief, cells were lysed using
homogenization buffer containing protease inhibitor cocktail. The
homogenates were centrifuged for 10 min at 700g at 4°C to remove
the nucleus. The resulting supernatants were further centrifuged at
10,000¢ for 30 min at 4°C to obtain the total cellular membrane pro-
tein. The supernatants were collected as the cytoplasmic fractions.
Membrane pellets were dissolved in 0.5% Triton X-100 in PBS. The
protein concentrations were determined using a Pierce bicinchoninic
acid (BCA) protein assay kit (Thermo Fisher Scientific). The distri-
bution of proteins in the cytosol and membrane fractions were
analyzed by Western blot with Na*/K*-adenosine triphosphatase
(ATP1A1) and glyceraldehyde-3-phosphate dehydrogenase/B-actin
as loading controls.

Western blot

Cell lysates were prepared on an ice-cold cell fractionation kit
(Abcam) or radioimmunoprecipitation assay buffer containing protease
inhibitor (Thermo Fisher Scientific). Lysates were centrifuged at
14,000g for 10 min at 4°C. Protein concentration was quantified us-
ing the Pierce BCA protein assay kit (Thermo Fisher Scientific). The
cellular proteins were separated by SDS—polyacrylamide gel electro-
phoresis and transferred onto nitrocellulose blotting membranes
(GE Healthcare) as described previously (69). The membranes were
incubated with the appropriate primary antibodies (outlined in the
table S1) overnight followed by peroxidase-conjugated secondary
antibodies and analysis by the enhanced chemiluminescence system.
The signals were quantified using the G:Box gel imaging system by
Syngene (Frederick, MD).

Immunoprecipitations

Immunoprecipitations were performed as described elsewhere (18).
Briefly, 200 ug of total cellular proteins was incubated with antibodies
outlined in table S1 overnight at 4°C followed by adding 20 ul of
protein A/G-agarose beads (Santa Cruz Biotechnology). The pre-
cipitates were washed four times with lysis buffer and boiled in SDS
sample buffer. The supernatant was subjected to immunoblotting
with appropriate antibodies.

In vitro permeability assay

HUVECsS (2 x 10°) were cultured on transwell inserts (3.0 um pore
size) of a 24-well plate for 2 days (until confluent). Endothelial
monolayer was stimulated with medium containing lactate (10 mM)
or acidic medium (pH 6.8) for 6 hours. Then, 100 ul of PBS contain-
ing FITC-dextran (1 pg/ml) was added to the upper chamber and
500 pl of PBS was added to the lower chamber. The 24-well plate
with transwell inserts was incubated for 5 min, and the concentra-
tion of FITC-dextran transferred to the lower chamber was deter-
mined using a multimode microplate reader with excitation and
emission wavelengths of 492 and 520 nm, respectively.

Calpain activity assay
Calpain activity was assessed using the Calpain Activity Assay Kit
(Abcam) according to the manufacturer’s protocol. The calpain

Yang et al., Sci. Adv. 8, eabm8965 (2022) 27 April 2022

substrate Ac-Leu-Leu-Tyr-AFC (Ac-LLY-AFC) emits blue light
(Amax = 400 nm) and releases free AFC that emits yellow-green
fluorescence (Apax = 505 nm) upon cleavage by calpain. AFC release
was measured using a microplate spectrophotometer with excitation/
emission (Ex/Em) at 400/505 nm.

Immunofluorescence staining

Tissues were collected 24 hours after CLP or sham surgery and fixed
in 4% PFA, embedded in paraffin or optimal cutting temperature
(O.C.T.) compound, and cut at a 5-mm thickness. Antigen retrieval was
achieved by preheating sodium citrate buffer (pH 6.0) for 5 min in a
microwave oven, followed by incubation of the slides for 20 min in
the boiling citrate buffer. Immunofluorescence staining for cul-
tured cells was performed as described previously (57). Briefly, cells
were washed with PBS, fixed in 4% PFA, permeabilized with 0.1%
Triton X-100, and blocked with 3% bovine serum albumin (BSA)
(PBS) at room temperature. Cells were then incubated with pri-
mary antibodies diluted in 3% BSA (PBS) overnight at 4°C. After
primary antibody incubation at 4°C overnight, signals were developed
with Alexa Fluor secondary antibodies (Thermo Fisher Scientific)
at room temperature for 30 min. Tissue slides were mounted in
Antifade mounting medium with 4’,6-diamidino-2-phenylin-
dole (DAPI) (Vector Laboratories). Images were acquired using a CS
SP8 confocal microscope (Leica) and analyzed by ImageJ and ZEN
3.1 software.

Real-time quantitative PCR

HUVECs were treated with lactate or PBS for 2 hours, and total RNA
was isolated using RNAzol RT (Molecular Research Center) in ac-
cordance with the manufacturer’s protocol as previously described
(69). RNA concentration was measured using Nanodrop 1000 (Thermo
Fisher Scientific), and cDNA was synthesized using cDNA reverse kit
(Applied Biosystems). Quantitative PCR was performed using spe-
cific primers (Applied Biosystems) and TagMan Universal Master
Mix (Applied Biosystems). The mRNA level of CDH5 (forward:
5-TTGGAACCAGATGCACATTGAT-3'; reverse: 5'-TCTTGCGACT-
CACGCTTGAC-3’") was normalized to the expression of B-actin.

Statistics

Data were expressed as means = SD. A Student’s ¢ test (two-sided)
was used to compare two groups affected by one single variable.
One-way or two-way analysis of variance (ANOVA) with Tukey’s
test was used to compare multiple data groups affected by one or
two independent variables, respectively. All statistical analyses were
carried out using SigmaPlot v11.0 software (Systat Software). Sur-
vival differences were determined using the Kaplan-Meier method
and the log-rank test. Differences were considered statistically sig-
nificant at P values of <0.05. The investigators were blinded to the
group allocation during the experiment and data collection. On
the basis of the power analysis and the extensive experience with the
mouse model of CLP sepsis, we estimated the number of mice per
group that would be required to detect effects of interest at the P <
0.05 level of significance. The numbers of technical replicates or
biological replicates in each group are stated in the figure legends.

Study approval

Animal experiments and euthanasia protocols were performed in ac-
cordance with the Guide for the Care and Use of Laboratory Animals
published by the National Institutes of Health (NIH Publication,
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8th Edition, 2011) and approved by the ETSU Committee on

Animal Care.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm8965

View/request a protocol for this paper from Bio-protocol.
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