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Abstract
Lung endothelial permeability is a key pathological feature of acute respiratory 
distress syndrome. Hyaluronic acid (HA), a major component of the glycocalyx 
layer on the endothelium, is generated by HA synthase (HAS) during inflamma-
tion and injury and is critical for repair. We hypothesized that administration 
of exogenous high molecular weight (HMW) HA would restore protein perme-
ability across human lung microvascular endothelial cells (HLMVEC) injured 
by an inflammatory insult via upregulation of HAS by binding to CD44. A tran-
swell coculture system was used to study the effects of HA on protein perme-
ability across HLMVEC injured by cytomix, a mixture of IL-1β, TNFα, and IFNγ, 
with or without HMW or low molecular weight (LMW) HA. Coincubation with 
HMW HA, but not LMW HA, improved protein permeability following injury 
at 24 h. Fluorescence microscopy demonstrated that exogenous HMW HA par-
tially prevented the increase in “actin stress fiber” formation. HMW HA also 
increased the synthesis of HAS2 mRNA expression and intracellular HMW HA 
levels in HLMVEC following injury. Pretreatment with an anti-CD44 antibody 
or 4-methylumbelliferone, a HAS inhibitor, blocked the therapeutic effects. In 
conclusion, exogenous HMW HA restored protein permeability across HLMVEC 
injured by an inflammatory insult in part through upregulation of HAS2.
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1   |   INTRODUCTION

Acute respiratory distress syndrome (ARDS) is a com-
mon cause of respiratory failure in critically ill patients 
in the intensive care units.1,2 It is characterized by diffuse 
inflammatory injury to the lung capillary endothelium 
and alveolar epithelium, leading to the development of 
pulmonary edema formation. Despite improvements in 
the management of ARDS, mortality rates remain high, 
potentially up to 40%. In addition, there are no pharma-
cological therapies that improve survival.3 Therefore, new 
therapeutic strategies for ARDS are needed.

In our previous study, administration of high molecular 
weight hyaluronic acid (HMW HA) suppressed inflamma-
tion and decreased protein permeability, pulmonary edema 
formation, and bacterial growth in an ex vivo perfused 
human lung injured with severe Escherichia coli bacterial 
pneumonia.4 However, the mechanisms underlying the 
therapeutic effects remained largely unknown. HA or hy-
aluronan is a nonsulfated glycosaminoglycan, composed of 
repeating polymeric disaccharides d-glucuronic acid and 
N-acetyl-d-glucosamine, and a major component of both 
the extracellular matrix and endothelial surface glycocalyx 
layer, critical for homeostasis in the alveolar air–blood bar-
rier and endothelial barrier integrity.5–8 Under physiologic 
conditions, HA exists primarily as a HMW form (>1 MDa). 
During acute lung injury (ALI), HA is degraded by hyalu-
ronidases, reactive oxygen and nitrogen species, and other 
inflammatory mediators into low molecular weight HA 
(LMW HA <500 kDa).9 Surprisingly, based on its MW, 
HMW and LMW HA have opposing biological effects; LMW 
HA can decrease endothelial cell barrier function, stimulate 
angiogenesis, and induce inflammation, whereas HMW 
HA can exert anti-inflammatory and immunosuppressive 
effects.10–15 HA influences cell behavior through binding 
to various cell surface receptors such as CD44, TLR2 and 4, 
HABP2, or RHAMM.16

HA is synthesized by HA synthase (HAS) 1–3, and HMW 
HA is a critical component of the glycocalyx layer17; HAS1 
and HAS2 produce HMW HA (500 kDa–2 MDa), whereas 
HAS3 produces LMW HA (<500 kDa). During injury, in-
flammatory cytokines can bind CD44 and increase the syn-
thesis of intracellular HMW HA via stimulation of HAS2 
in the endothelium, possibly as a reparative mechanism to 
restore the glycocalyx layer.18,19 Similarly, exogenous HMW 
HA, which binds CD44, has been studied in various in-
jury models as a mechanism to restore barrier integrity20; 
Singleton et al. found that intravenous administration of 
HMW HA 4  h following LPS-induced ALI improved en-
dothelial permeability21 via CD44, sphingosine 1 phos-
phate, and Akt and Rac signaling.22 In this current study, 
we hypothesized that exogenous administration of HMW 
HA would restore protein permeability across human lung 

microvascular endothelial cells (HLMVEC) injured by an 
inflammatory insult via activation of CD44 and HAS2.

2   |   MATERIALS AND METHODS

2.1  |  Primary cultures of HLMVEC

HLMVEC (Lonza) were grown in a microvascular en-
dothelial growth medium with 5% FBS and antibiotics and 
incubated in a humidified incubator with 5% CO2 at 37°C. 
The cells were used at a passage between 4 and 6. For per-
meability assays only, a transwell permeable support sys-
tem (0.4 μm pore size containing a PTFE membrane that 
had been treated with an equimolar mixture of types I and 
III bovine placental collagen) that could promote cell at-
tachment and spreading was used (#3495, Costar) based 
on our previous publication.23 HLMVEC were grown on 
the insert at a density of 1 × 106 cells/well and maintained 
in a humidified incubator with 5% CO2 at 37°C for at least 
24 h to obtain an intact monolayer. Cytomix, a mixture of 
human IL-1β, TNFα, and IFNγ (the final concentration 
was 50 ng/ml for each cytokine in the medium), which we 
previously used as a surrogate for acute respiratory dis-
tress pulmonary edema fluid,23–25 was then added to the 
HLMVEC with or without HMW HA (1 MDa) or LMW 
HA (40 kDa) 100 μg/mL (LifeCore Biomedical). After 24 h, 
the culture medium in the inserts were aspirated and re-
placed with a culture medium containing FITC-dextran 
(100 mg/ml, 70 kDa, Sigma Aldrich) for another 2 h. The 
unidirectional flux of FITC-dextran from the upper cham-
ber to the lower chamber was measured to calculate pro-
tein permeability. In separate experiments, HLMVEC 
were incubated with either an anti-CD44-blocking anti-
body (IM7, 1 μg/ml, BD Biosciences, CA, USA), anti-TLR4 
antibody (10 μg/ml, #AF1478, R&D Systems), or negative 
control IgG antibody. The concentration of anti-CD44-
blocking antibody was based on our previous studies.23,24 
The concentration of the anti-TLR4 antibody was based 
on the manufacturer’s recommendation. In additional 
experiments, 4-methylumbelliferone (4-MU) (Sigma-
Aldrich), a pan HAS inhibitor, was added simultaneously 
with the cytomix ±HA to suppress HAS mRNA expres-
sion. LDH was measured according to the manufacturer’s 
protocol (Roche). The concentration of 4-MU was based 
on previous publications.26,27

2.2  |  Fluorescence microscopy of 
tight and adherens junctions

HLMVEC (1 × 105 cells) were seeded onto Lab-Tek II cham-
ber slides (Nalge Nunc International) and grown until 
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90% confluency was obtained as previously described.25 
Twenty-four hours after treatment with cytomix with or 
without HMW or LMW HA, the cells were washed with 
PBS and fixed with 4% paraformaldehyde for 10 min. After 
additional washing, the cells were permeabilized by 0.1% 
Triton X-100 and then blocked with 1% BSA at room tem-
perature. For F-actin staining, the slides were incubated 
with FITC-phalloidin (Thermo Fischer Scientific) for 
30 min at 37°C. For ZO-1 staining, slides were incubated 
with Alexa ZO-1 antibodies (5  μg/ml, Thermo Fischer 
Scientific) for 1 h at room temperature. For VE-cadherin 
staining, primary antibodies to VE-cadherin (1:100, Cell 
Signaling) were used. After multiple washing with PBS, 
slides were then incubated with the secondary antibody 
Alexa Fluor 488-conjugated Goat Anti-Rabbit IgG (H1L) 
DS Grade (1:50, Invitrogen, Thermo Fischer Scientific) 
for 1  h at room temperature. Slides were then mounted 
with Vectashield with DAPI mounting medium (Vector 
Laboratories). Images were obtained by AxioVision SE64 
(Carl Zeiss Microscopy, LLC).

2.3  |  Quantitative real-time polymerase 
chain reaction

For mRNA expression, 1 × 106 HLMVEC were seeded 
onto 24 well-plate and injured with cytomix with or with-
out HMW or LMW HA. Four, 12, and 24 h after injury and 
treatment, the cells were collected by using RNeasy Mini 
Kit (QIAGEN Sciences). The RNA isolation technique 
was performed according to the protocol provided by 
Qiagen (www.qiagen.com) and as previously described.25 
The quality of the RNA was assessed with the NanoDrop 
ND-1000 UV–Vis Spectrophotometer (NanoDrop 
Technologies); 260/280 nm absorbance ratios of 2.0–2.2 
and 260/230 nm absorbance ratios of 1.8–2.2 indicated 
a pure RNA sample. The samples were quickly stored at 
−80°C for the next steps. Primers including the probes 
used for quantitative real-time polymerase chain reac-
tion (qRT-PCR) were purchased from Life Technologies 
(Thermo Scientific). Human HAS1 (Hs00758053_m1), 
HAS2 (Hs00193435_m1), HAS3 (Hs00193436_m1), high-
mobility group AT-hook 2 (HMGA2; Hs04397751_m1), 
HAS2 antisense RNA 1 (HAS2-AS1;Hs03309447_m1), and 
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH; 
Hs03929097_g1) were used for our study. High-capacity 
RNA-to-cDNA Kit and TaqMan Fast Universal PCR 
Master Mix from Applied Biosystems were used for the 
qRT-PCR assays (Thermo Scientific). These assays were 
conducted following the Two-Step qRT-PCR protocol de-
scribed by Applied Biosystems. QPCR was performed by 
StepOnePlus Real-Time PCR System (Thermo Scientific). 

The relative gene expression was analyzed by the compar-
ative cycle threshold (Ct) method also referred to as the 
2-ΔΔCt method. The endogenous control GAPDH was used 
to calculate ΔCt values for the gene expression. All prim-
ers used were MIQE guideline compliant.

2.4  |  Western blot analyses

HLMVEC were injured with cytomix with or without 
HMW or LMW HA. After 24 h, the cells were lysed with 
NP40 cell lysis buffer (Thermo Scientific) containing 
protease inhibitors and phosphatase inhibitors (RPI) as 
previously described.25 The protein concentration was 
measured using Pierce BCA assay kit (Thermo Fischer 
Scientific). Each protein was diluted to 500 μg/ml for the 
next steps. The protein samples were heated at 70°C for 
10 min with Invitrogen NuPAGE LDS Sample Buffer and 
loaded onto Invitrogen NuPAGE 4%–12% Bis-Tris Gel or 
Invitrogen NuPAGE 3%–8% Bis-Tris Gel (Thermo Fischer 
Scientific). The gels were transferred onto PVDF mem-
brane by iBlot 2 Gel Transfer Device (Thermo Fischer 
Scientific). The membrane was blocked with Pierce block-
ing buffer (Thermo Fischer Scientific) or washed buffer 
with 5% bovine serum albumin (BSA) (TBS Tween 20 
Buffer [TBST]) for 1 h at room temperature on a shaker. 
After washing, the membrane was incubated with the pri-
mary antibody which was diluted with TBST with 5% BSA 
overnight on a shaker at 4°C. The membrane was washed 
with TBST and reacted with a secondary antibody which 
was diluted with TBST with 5% BSA for 1 h at room tem-
perature on a shaker. The detection of the target protein 
was examined by Pierce ECL Western Blotting Substrate 
or SuperSignal West Dura Extended Duration Substrate 
(Thermo Fischer Scientific). Images were obtained by 
ChemiDoc MP Imaging System (Bio-Rad) according to 
the manufacturer’s instructions. The chemiluminescent 
intensity was analyzed by densitometry (ImageJ software, 
NIH Image). For Western blots of caspase-3, the blots 
were cut prior to the hybridization with the antibodies 
due to the significantly higher intensity of the pro-caspase 
3 band compared with the activated form.

For the primary antibodies, rat anti-human/mouse 
CD44 (#14-0441-85, Thermo Fischer Scientific), rabbit 
anti-human ZO-1 (#5406, Cell Signaling Technology), 
rabbit anti-human VE-cadherin (#2158, Cell Signaling 
Technology), rabbit anti-human HMGA2 (#5269, Cell 
Signaling Technology), mouse anti-human pAKT 
(#MAB887, R&D Systems), mouse anti-human AKT (# 
MAB2055, R&D Systems), mouse anti-human caspase-3 
(#31A1067, Novus Biologicals, LLC), and mouse anti-
human GAPDH (#MAB5718, R&D Systems) were used.

http://www.qiagen.com
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2.5  |  Gel filtration column 
chromatography

To characterize the size and concentration of intracellular 
HA, a 15 cm gel filtration or size exclusion chromatography 
column was set up using Sepharose 6B100 agarose beads 
(Sigma-Aldrich) as previously described.4 Twenty millilit-
ers of PBS were used as the elution buffer and collected 
in glass tubes, 1 ml per tube, by gravity into 20 test tubes. 
Size standards were generated using both HA standards 
(1.5 M or 1010–1800 kDa, Lifecore Biomedical) and pro-
teins (mouse thyroglobulin, 660 kDa, and bovine serum 
albumin, 66 kDa, Sigma-Aldrich). The test tube at which 
each standard had the highest peak elution was identified 
by BCA assay or HA ELISA (R&D Systems). The elution 
of HMW HA (1.5 M or 1010–1800 kDa) peaked early at test 
tube 7. Elution of mouse thyroglobulin peaked at test tube 
10, and elution of BSA peaked at test tube 13. For the sam-
ples, 50 μg of cell lysates was placed onto the Sepharose 
column prior to the elution buffer, 20 ml of PBS. The test 
tube with the peak elution and the concentration of the 
samples were identified and measured using HA ELISA 
(R&D Systems).

2.6  |  Data Analysis

Shapiro–Wilk normality test was used to determine if the 
values were from a Gaussian distribution. Data are shown 
as mean ± SD. For comparisons between two groups, an 
unpaired two-tailed t test was used. For comparisons be-
tween multiple groups, analysis of variance (ANOVA) 
with post hoc Bonferroni’s correction was used. All statis-
tical analysis was performed using GraphPad Prism 8.4.3 
for OS X (GraphPad Software, www.graph​pad.com).

3   |   RESULTS

3.1  |  Therapeutic effects of HMW HA on 
lung protein permeability across HLMVEC

Using a transwell co-culture system, 50 ng/ml of cytomix 
increased protein permeability across HLMVEC at 24 h. 
The simultaneous administration of 100 μg/ml of HMW 
HA, unlike LMW HA, significantly improved protein 
permeability (Figure 1A). LDH activity, used as a meas-
ure of cell death, increased 24 h after the addition of cy-
tomix. However, the administration of neither HMW 
HA nor LMW HA altered cell cytotoxicity (Figure  1B). 
Fluorescence microscopy for F-actin demonstrated that 
cytomix induced “actin stress fiber” formation, result-
ing in gap formations between cells (Figure  1C). The 

simultaneous administration of HMW HA, unlike LMW 
HA, increased the distribution of F-actin along the cell 
periphery and reduced gap formations between cells. The 
expression of CD44, a receptor for HA, was detected by 
Western blot analyses in HLMVEC. Injury with cytomix 
significantly increased CD44 expression (Figure  1D), 
which was further increased with HMW HA coincubation 
at 12 h. The therapeutic effects of HMW HA on protein 
permeability across HLMVEC were blocked by CD44 but 
not TLR4 neutralization (Figure 1E). As controls, incuba-
tion of uninjured HLMVEC with either HMW or LMW 
HA had no significant effect on protein permeability 
(Figure S1).

3.2  |  Effect of HMW HA on the 
expression and distribution of ZO-1 and 
VE-Cadherin among injured HLMVEC

Cytomix significantly decreased the protein expression 
of both ZO-1 and VE-cadherin among HLMVEC at 24 h 
(Figure  2A), which was partially attenuated with HMW 
or LMW HA administration. By fluorescence microscopy, 
cytomix reduced the distribution of both ZO-1 and VE-
cadherin from the cell periphery and away from areas of 
cell–cell contact, which was partially attenuated with ei-
ther HMW or LMW HA administration (Figure  2B). As 
controls, incubation of uninjured HLMVEC with either 
HMW or LMW HA had no significant effect on protein 
levels of ZO-1 or VE-Cadherin (Figure S1).

3.3  |  Effect of HMW HA on the 
expression of hyaluronic acid synthase 
among injured HLMVEC

HAS1 mRNA was not detected in HLMVEC. HAS2 
mRNA expression was increased by cytomix over 24 h 
(Figure  3A). At 12 h, HMW HA administration further 
increased HAS2 mRNA expression, whereas LMW HA 
administration suppressed the increase in HAS2 mRNA 
expression. After 24 h, neither HMW HA nor LMW HA 
changed the expression of HAS2 mRNA. HAS3 mRNA in-
creased after the addition of cytomix (Figure 3B). Neither 
HMW HA nor LMW HA changed the expression of HAS3 
mRNA.

To confirm the correlation between HAS gene expres-
sion and HA synthesis among injured HLMVEC, we mea-
sured the size distribution and intracellular level of the 
glycosaminoglycan using gel filtration column chromatog-
raphy and ELISA (Figure 3C). As seen in our previous pub-
lication,4 the elution of HMW HA peaked early at test tube 
7 by gel filtration chromatography. The administration of 

http://www.graphpad.com
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cytomix largely eliminated the expression of the glycos-
aminoglycan at 24 h. In corroboration with the qPCR data 
on HAS2 expression, the simultaneous addition of HMW 
HA significantly increased the intracellular expression of 
HMW HA (Figure 3C).

3.4  |  Effect of HMW HA 
on the Phosphorylation of AKT Among 
Injured HLMVEC

The phosphorylation of AKT was significantly increased 
at 4 h after the addition of cytomix, which was further in-
creased by HMW HA administration but not LMW HA 
(Figure  S2). Although there was no decrease in cell cy-
totoxicity with HA administration, both HMW and LMW 
HA decreased active Caspase 3 expression at 4 h after the 
addition of cytomix (Figure S3).

To confirm whether these protein expressions were reg-
ulated via CD44, HLMVEC were incubated with a CD44 
neutralizing antibody (IM7) for 4  h with HMW HA or 
LMW HA. The phosphorylation of AKT and the activation 
of Caspase-3 by HMW HA were blocked by CD44 neutral-
ization, whereas LMW HA had no effect (Figures S2 and 
S3).

3.5  |  Effect of 4-MU, an 
inhibitor of HAS, on protein permeability 
across injured HLMVEC

We first examined the dose–response of 4-MU, a HAS 
inhibitor, on both HAS2 mRNA expression and protein 
permeability across uninjured HLMVEC. The addition of 
0.5 mM 4-MU suppressed the expression of HAS2 mRNA 
but did not increase protein permeability (Figure  4A), 

F I G U R E  1   Exogenous administration of HMW HA restored protein permeability across HLMVEC following an inflammatory insult. 
(A) Using a transwell coculture system, cytomix 50 ng/ml increased protein permeability across HLMVEC at 24 h. The addition of 100 μg/
ml HMW HA but not LMW HA partially restored the permeability. Data are presented as mean ± SD. **p < 0.01, ****p < 0.0001; n = 6. (B) 
LDH levels increased 24 h after the addition of cytomix. Neither HMW HA nor LMW HA improved cell cytotoxicity. Data are presented as 
mean ± SD. ***p < 0.001, ****p < 0.0001; N = 12 per treatment group. (C) Fluorescence microscopy demonstrated actin stress fiber and gap 
formations in HLMVEC following cytomix-induced injury. The addition of HMW HA partially restored the peripheral distribution of actin. 
Green = F-actin, Blue = DAPI (nuclei), Yellow Arrows = Gap formations between cells. (D) Cytomix increased CD44 protein expression 
by HLMVEC, which was further increased with HMW HA at 12 h. Data are presented as mean ± SD. *p < 0.05, ***p < 0.001, ****p < 0.0001; 
N = 3. (E) Simultaneous addition of anti-CD44 Ab but not anti-TLR4 Ab eliminated the therapeutic effects of HMW HA on protein 
permeability across cytomix-injured HLMVEC. Data are presented as mean ± SD. *p < 0.05, ****p < 0.0001; N = 9. Graphs were created using 
GraphPad Prism 8.4.3 for OS X (GraphPad Software, www.graph​pad.com).

(A)

(D) (E)

(B) (C)

http://www.graphpad.com
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whereas 1 mM of 4-MU increased permeability at 24 h. 
Based on these results, 0.5 mM 4-MU, which also did not 
affect cell cytotoxicity, was used in all subsequent experi-
ments. The administration of 0.5 mM 4-MU significantly 
suppressed the increase in HAS2 mRNA expression follow-
ing the addition of cytomix (Figure 4B) and dramatically 
increased the permeability across HLMVEC. Fluorescence 
microscopy demonstrated that 4-MU exacerbated F-actin 
stress fiber formation and the formation of gaps between 
cells (Figure 4C). The addition of HMW HA had no thera-
peutic effects on protein permeability across HLMVEC, 
which may be explained by the lack of effect of HMW HA 
on HAS2 mRNA at 24 h. Despite the lack of therapeutic 
effects of HMW HA on protein permeability, HMW HA 
partially restored F-actin, ZO-1, and VE-cadherin periph-
eral distribution by fluorescence microscopy and ZO-1 
and VE-cadherin protein levels by Western blot analyses 
(Figure 4D–E). Furthermore, 4-MU suppressed CD44 pro-
tein expression and the phosphorylation of AKT following 
the addition of cytomix (Figure 4F). HMW HA partially 

reversed the decrease in expression of CD44 but did not 
affect the phosphorylation of AKT at 24 h.

3.6  |  Effect of HMW HA on the 
expressions of high-mobility group AT-
hook 2 and HAS2 antisense RNA 1 among 
injured HLMVEC

To examine the expressions of HAS2 Antisense RNA 
1 (HAS2-AS1) and high-mobility Group AT-hook 2 
(HMGA2), which are known HAS2 promotors, qPCR 
and western blot analysis were performed at 4, 12, and 
24 h after the addition of cytomix with or without HMW 
or LMW HA. Following injury by cytomix, HAS2-AS1 
and HMGA2 levels were increased over 24 h. HMW HA 
did not alter these mRNA expressions, whereas LMW 
HA suppressed them at 4  h. For Western blot analysis, 
HMGA2 was increased by cytomix over 24 h. At 4 h, HMW 
HA and LMW HA suppressed the increase of HMGA2. 

F I G U R E  2   Effect of cytomix with or without hyaluronic acid on tight and adherens junctions on HLMVEC. (A) By Western blot, 
cytomix decreased the protein levels of both ZO-1 and VE-Cadherin in HLMVEC at 24 h. The administration of both HMW and LMW HA 
restored the protein levels of both junctional proteins. Data are presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; 
N = 3. (B) By fluorescence microscopy, cytomix decreased the overall expression of ZO-1 and VE-Cadherin and the distribution of the 
proteins away from cell–cell junctions. Large gap formations between cells were evident (yellow arrows). Administration of HMW HA 
largely restored the distribution of both ZO-1 and VE-cadherin to cell–cell junctions. Similar to the Western blot analyses, LMW HA also 
partially restored the loss of ZO-1 and VE-cadherin at the cell–cell junctions but to a lesser extent. Graphs were created using GraphPad 
Prism 8.4.3 for OS X (GraphPad Software, www.graph​pad.com).

(A) (B)

http://www.graphpad.com
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Interestingly at 12 h, HMGA2 expression was upregulated 
by HMW HA. The neutralization of CD44 blocked the de-
crease of HMGA2 in the HMW HA-treated group but not 
the LMW HA-treated group at 4 h (Figure S4). At 12 and 
24 h, the upregulation of HMGA2 was suppressed by the 
neutralization of CD44 in both HMW HA- and LMW HA-
treated groups.

4   |   DISCUSSION

The major findings of our current study are (1) 
Exogenous HMW HA restored protein permeability 
across HLMVEC following an inflammatory injury, and 
this therapeutic effect was blocked by the addition of an 
anti-CD44 Ab (Figure 1); (2) Neither HMW HA nor LMW 
HA altered HLMVEC cytotoxicity caused by cytomix at 
24 h; (3) HMW HA, but not LMW HA, prevented actin 
stress fiber and intercellular gap formations (Figures 1); 
(4) By qPCR, incubation with cytomix upregulated the 

expression of HAS2, which was further increased with 
exogenous HMW HA, whereas exogenous LMW HA de-
creased HAS2 mRNA expression (Figure  3); (5) by gel 
filtration chromatography and ELISA, HMW HA in-
creased intracellular HMW HA levels, unlike LMW HA 
(Figure 3); (6) the phosphorylation of AKT after cytomix-
induced injury was further increased with HMW HA 
administration, possibly leading to the inhibition of cas-
pase-3 activation (Figures S2 and S3); these effects were 
blocked by an anti-CD44 Ab; (7) the addition of 4-MU, 
a HAS inhibitor, dramatically exacerbated the protein 
permeability caused by cytomix. Although HMW HA 
improved ZO-1 and VE-cadherin protein expression and 
peripheral distribution, HMW HA did not restore pro-
tein permeability across HLMVEC following injury with 
cytomix and 4-MU. However, HMW HA administration 
did improve CD44 protein expression (Figure 4); and (8) 
exogenous HMW HA upregulated not only HAS2 but 
HAS2-AS1 and HMGA2, which was modulated partially 
thorough CD44 (Figure S4).

F I G U R E  3   Effect of cytomix with or without hyaluronic acid on HAS mRNA and HA Intracellular Levels in HLMVEC. (A) Cytomix 
injury increased HAS2 mRNA levels over 24 h. The addition of HMW HA further increased HAS2 mRNA expression at 12 h. Data are 
presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; N = 6 for PCR at 4 and 24 h. N = 12 for PCR at 12 h. (B) Cytomix 
increased HAS3 mRNA levels over 24 h. There was no effect with the addition of HMW or LMW HA. Data are presented as mean ± SD. 
**p < 0.01, ***p < 0.001, ****p < 0.0001; N = 6 for PCR at 4 and 24 h. N = 12 for PCR at 12 h. (C) The size and concentration of intracellular 
HA were measured in HLMVEC injured with cytomix with or without exogenous HMW or LMW HA administration by gel filtration 
column chromatography and ELISA. Cytomix decreased the intracellular levels of HA (both HMW and LMW) in HLMVEC. The addition of 
HMW HA dramatically increased the total expression of intracellular HA, predominantly HMW in size. The level of HMW HA in test tube 
#7 was approximately 7× the levels measured in the vehicle. The addition of LMW HA had a modest effect in restoring total intracellular 
HA but was dramatically lower than in HLMVEC treated with HMW HA. Data are presented as mean ± SD. N = 3. As controls, HA (1.0–
1.8 MDa) eluted out at test tube #7, thyroglobulin (660 kDa) at test tube #10, and bovine serum albumin (66 kDa) at test tube #13. Graphs 
were created using GraphPad Prism 8.4.3 for OS X (GraphPad Software, www.graph​pad.com)
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Exogenous administration of HMW HA suppressed 
the increase in protein permeability across HLMVEC 
caused by an inflammatory injury, which was blocked 
with CD44 neutralization, suggesting that the therapeu-
tic effects were CD44 receptor mediated. Xu et al. found 
a similar beneficial effect with HA in LPS-induced ALI in 
mice in terms of influx of inflammatory cells and cytokine 
levels in the injured alveolus via activation of the TLR4 
receptor.28 However, in the current study, neutralization 
of TLR4 did not suppress the therapeutic effects of HMW 
HA on protein permeability, which may be a result of dif-
ferent ALI endpoints and the size of HA administered.

CD44 plays a significant role in regulating tight and 
adherens junctions, which are critical for maintaining en-
dothelial barrier integrity.29–32 In the current study, both 
HMW HA and LMW HA increased the total expression 
and peripheral distribution of ZO-1 and VE-cadherin, al-
though LMW HA did not improve protein permeability. 
Interestingly, fluorescence microscopy demonstrated that 
HMW HA, but not LMW HA, reduced actin stress fiber 
formation which is the predominant cause of cell con-
traction, formation of gap formations, and permeability.33 
More importantly, for the first time in the literature, our 
results demonstrated that HMW HA, but not LMW HA, 
increased CD44, HAS2, and subsequently intracellular 
HMW HA expression following injury, which may be crit-
ical for the reparative effect. The increase in intracellular 
HMW HA levels was an unexpected finding given that the 
normal feedback response to exogenous HMW HA would 
be downregulation of HAS. We speculate that the increase 
in AKT phosphorylation with HMW HA may drive the in-
crease in HMW HA synthesis.34 HA is an important com-
ponent of the glycocalyx layer, which covers the surface of 
the vascular endothelium.5–7 During ALI, the glycocalyx 
layer on the endothelium is degraded, exposing the endo-
thelium to the cytotoxic effects of cytokines. By increasing 
HAS2 expression and intracellular HMW HA synthesis 

via activation of CD44,35 exogenous HMW HA appeared 
to restore the glycocalyx layer.

Exogenous LMW HA is not studied as a therapeutic 
or administered in ALI models because of its known pro-
permeability and pro-inflammatory effects.36 Hence, there 
is an insufficient amount of published data describing the 
effects of LMW HA on biological and cellular processes. 
However, in earlier publications prior to the characteriza-
tion of LMW HA, administration of exogenous HMW or 
LMW HA as therapy was found to behave in both similar 
and different ways in terms of ALI endpoints. For example, 
in sepsis-induced ALI following LPS infusion in mechani-
cally ventilated rats, Liu et al. found that both intravenous 
HMW (1600 kDa) and LMW (35 kDa) HA reduced neu-
trophil intravasation, MPO activity, and inflammation in 
the lung but only HMW HA reduced both neutrophil and 
monocyte infiltration and lung injury score by histology.37 
It remains unclear why HA behaves differently based on 
its molecular weight. Some investigators have speculated 
that the size of the HA can influence the binding of HA to 
cognate receptors such as CD44 which can determine the 
effect size.20

Previous studies demonstrated a relationship between 
HAS2 levels and AKT/PI3K signaling. Maroski et al. 
showed that vascular shear stress across the endothelium 
increased both HAS2 expression and HMW HA synthesis, 
which was suppressed with an AKT inhibitor.34 In cancer, 
multiple investigators found that CD44 activation led to 
AKT signaling, which was suppressed with HAS inhibi-
tors.38–40 These studies suggested that there was a positive 
feedback mechanism between HAS and AKT signaling.41 
In the current study, exogenous administration of HMW 
HA, but not LMW HA, increased the phosphorylation of 
AKT in injured HLMVEC, suggesting that the upregula-
tion of HAS2 by HMW HA was in part mediated by AKT 
signaling via CD44. Although there were no beneficial 
effects by HMW HA on cell cytotoxicity at 24 h possibly 

F I G U R E  4   Effect of 4-MU, a HAS inhibitor, with or without hyaluronic acid on HLMVEC Injured With an Inflammatory Insult. (A) 
The addition of 4-MU significantly suppressed the expression of HAS2 mRNA in HLMVEC in a dose-dependent manner over 24 h. Only 
4-MU at a concentration of 1.0 mM led to an increase in protein permeability, whereas there were no significant differences with a 4-MU 
concentration of 0.1–0.5 mM on permeability compared with vehicle control. Data are presented as mean ± SD. ****p < 0.0001; N = 3–6 
for PCR and N = 9 for permeability experiments. (B) Addition of 4-MU 0.5 mM with cytomix further decreased HAS2 mRNA expression 
and increased protein permeability across HLMVEC. There was no restorative effect of HMW HA on the decrease in HAS2 mRNA or 
increase in protein permeability. Data are presented as the mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; N = 3–6 for PCR 
and N = 9 for Permeability experiments. (C–E) However, by fluorescence microscopy and Western blot analyses, the addition of HMW HA 
partially decreased F-actin stress fiber and increased both ZO-1 and VE-Cadherin total protein levels and distribution to cell–cell junctions 
in HLMVEC injured with both cytomix and 4-MU 0.5 mM. Yellow Arrows = Gap formations between cells. Data are presented as the 
mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001; N = 3. (F) 4-MU further suppressed CD44 protein expression and the phosphorylation of AKT 
after the addition of cytomix in HLMVEC. Only the addition of HMW HA partially increased the expression of CD44 at 24 h but not the 
phosphorylation of AKT. Data are presented as mean ± SD. *p < 0.05, **p < 0.01; N = 3. Individual p values are the statistical comparison 
between two groups by Student’s t test. Graphs were created using GraphPad Prism 8.4.3 for OS X (GraphPad Software, www.graph​pad.com)

http://www.graphpad.com


      |  627Sugita et al.

due to the severity of the injury at earlier timepoints, 
the results also demonstrated that exogenous HMW HA 
decreased active caspase-3 levels, which was blocked 
by CD44 neutralization; Wang et al. found that cytomix 
at 30 ng/mL induced significant levels of apoptosis in 

HLMVECs as early as 5 h of exposure.42 AKT activation 
can inhibit caspase-3 activation, resulting in a decrease in 
apoptosis43,44 (Figure 5).

Additional experiments using 4-MU, a pan HAS inhibi-
tor, were performed to confirm the importance of increased 
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HAS2 expression in the restoration of protein permeability 
with HMW HA26,45; HAS inhibition by 4-MU was previ-
ously reported to decrease the glycocalyx layer in vascular 
endothelium.46 In the current study, we demonstrated that 
suppression of HAS2 by 4-MU resulted in further exacerba-
tion of permeability with or without cytomix, which was not 
alleviated with HMW HA incubation. The effect of 4-MU 
on permeability was also associated with reduced ZO-1, 
VE-Cadherin, and CD44 protein expression. Surprisingly, 
exogenous HMW HA improved the peripheral distribution 
of the tight and adherens junction proteins by Western blot 
analyses and fluorescence microscopy. In addition, incu-
bation with 4-MU significantly suppressed the phosphor-
ylation of AKT, which was not restored with HMW HA 
treatment. But, HMW HA did increase CD44 expression. 
Although AKT activation can lead to upregulation of CD44, 
exogenous HMW HA may directly activate CD44.27

We next examined the role of HMGA2 and HAS2-AS1 
expressions on HAS2 regulation.47 HMGA2 is a known 

oncogene, which has several known effects on the cell 
cycle, DNA damage repair, and apoptosis.48 Both HMGA2 
and HAS2-AS1 are known promotors of HAS2.49,50 Our 
results demonstrated that cytomix increased the expres-
sion of not only HAS2 but also HMGA2 and HAS2-AS1 
in HLMVEC, which was further increased with exoge-
nous HMW HA via CD44. Interestingly, the expression of 
HMGA2 is associated with apoptosis and can be regulated 
by AKT and Caspase-3.48 Further studies are underway to 
study the relationship between HMGA2/HAS2-AS1 and 
HAS2 and the progression of ARDS.

There are limitations to the current study as follows: (1) 
The differential expression of HAS2 by HMW and LMW 
HA is not completely understood.51 HA may have different 
affinities for the CD44 receptor depending on its MW and 
concentration.8,52 In addition, HMW and LMW HA may 
also have different signaling effects on CD4453; (2) 4-MU 
can inhibit HAS1-3. HAS3 is known to increase LMW HA 
synthesis, leading to the induction of a pro-inflammatory 

F I G U R E  5   Schematic of the mechanisms underlying the therapeutic effects of HMW HA on injured human lung microvascular 
endothelial cells. Cytomix, a mixture of IL-1β, TNFα, and IFNγ often used as a surrogate for acute respiratory distress syndrome pulmonary 
edema fluid, caused an increase in protein permeability across HLMVEC which was associated with an increase in apoptosis/LDH release 
and actin stress fiber and gap formations between cells. Cytomix was also capable of breaking down HMW HA into LMW HA further 
exacerbating the injury. In response to cytomix, AKT phosphorylation and HAS2 expression were increased in HLMVECs as an inherent 
reparative effect although there was no restoration of intracellular HMW HA levels or protein permeability. Surprisingly, exogenous HMW 
HA administration increased HAS2 expression further after cytomix through CD44, leading to an increase in intracellular HMW HA 
synthesis and restoration of protein permeability. This finding was unexpected given normal feedback inhibition seen with receptors and 
end-products and may result from an increase in AKT phosphorylation from HMW HA leading to increased HAS2 expression. Although 
exogenous LMW HA administration suppressed Caspase-3 activation in the current study, LMW HA is known to increase inflammation, 
apoptosis, and permeability in endothelial cells whether through a direct effect or through increased release of cytokines or through 
inhibition of HMW HA binding to CD44 as a competitive antagonist
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response.54,55 In LPS-induced ALI, McKallip et al. found 
that 4-MU administration improved pulmonary vascu-
lar permeability and reduced inflammation.56 In addi-
tion, Li et al. found that 4-MU administration suppressed 
LPS-induced TLR activation, leading to the decrease of 
cytokine expression, in corneal stromal cells.57 And in a 
septic ventilated rate model, Mrabat et al. found that in-
hibition of HAS3 improved ALI.58 Whereas in our study, 
administration of 4-MU exacerbated endothelial protein 
permeability. The discrepancy with our results may reflect 
differences in the model used, the timing of 4-MU admin-
istration, and the differential effect of 4-MU on HAS1-3 
expressions depending on the dose. (3) And although the 
use of HMW HA as a therapeutic for ALI is promising, the 
findings from the in vitro studies must be confirmed in 
vivo to definitively establish the mechanism. Studies are 
ongoing. For example, Baljinnyam et al. found that HMW 
HA reduced lung tissue damage and mortality in septic 
syndecan-1 KO mice, in part by reducing vascular hyper-
permeability and neutrophil migration.59 Syndecan-1 is 
a core protein in heparan sulfate proteoglycan, a major 
component of the endothelial glycocalyx layer. Hence, 
further investigations involving the role of HAS1-3 in ALI 
in vivo are warranted, especially on protein permeability.

In conclusion, exogenous HMW HA but not LMW HA 
restored protein permeability across HLMVEC injured by 
an inflammatory insult in part through interaction with 
CD44 receptor on the endothelium with subsequent up-
regulation of HAS2, the predominant enzyme involved 
in HMW HA synthesis. The upregulation of HAS2 was 
critical for the therapeutic effect of HMW HA on protein 
permeability in part regulated by AKT phosphorylation, 
Caspase-3 activation, and HMGA2 modulation via CD44 
(Figure 5). There is currently no pharmacological therapy 
that reduces mortality in patients who develop ARDS. 
Based on the current findings, exogenous HMW HA may 
be a potential therapeutic to reduce lung protein perme-
ability, a key pathological feature in the injured alveolus. 
Thus, further studies of HMW HA are warranted in vivo 
such as in a large animal model of pneumonia and/or sep-
sis to complement the existing preclinical studies in small 
animals for possible translation to clinical trials.
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