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Background: Hyperosmosis stress (HS) was a key pathological factor in the development of 
dry eye disease (DED). Nicotinamide mononucleotide (NMN) demonstrated protective effects in 
the corneal damage, however, its role in the HS-induced DED remained unclear.
Methods: A NaCl based HS in-vitro model (500 mOsm) was generated and used in a co- 
culture system including corneal epithelial cells (CEC) and macrophage cell line 
RAW264.7. The effect of NMN on NAD+ metabolism and the expression of HS 
biomarker, tonicity-responsive element binding protein (TonEBP), was studied in the 
CEC. The cellular activity, including cell viability, apoptosis status and lactate dehydro-
genase (LDH) release through trypan blue staining, flow cytometry and LDH assay, 
respectively. The mitochondrial membrane potential (MMP) assay would be conducted 
using the JC1 kit. The expression of IL-17a were detected using RT-PCR, ELISA and 
Western blot. After co-culture with the CEC in different group for 24 h, the phagocytosis 
ability and macrophage polarization were assessed in RAW264.7 cells co-cultured with 
CEC with or without HS or NMN treatment. Besides, the involvement of Notch pathway 
in the RAW264.7 would be analyzed. The potential involvement of Sirtuin 1 (SIRT1) and 
IL-17a in the crosstalk between CEC and macrophage was studied with SIRT1 inhibitor 
EX 527 and anti-IL-17a monoclonal antibody, respectively.
Results: NMN treatment increased NAD+ concentration and thus improved cell viability, 
reduced apoptotic rate and decreased the LDH release in HS-treated CEC. Besides, NMN 
alleviated HS-induced MMP, intracellular ROS and LDH release. Besides, it was con-
firmed NMN improve SIRT1 function and decreased the HS related IL-17a expression in 
CEC and then alleviated macrophage phagocytosis ability and M1 polarization based on 
a CEC-macrophage co-culture system. Moreover, NMN treatment of CEC in the CEC 
could moderate the subsequent macrophage activation through Notch pathway. SIRT1 
activation and IL-17a inhibition was regarded as key progress in the function of NMN 
based on the application of EX 527 and anti-IL-17a antibody in the CEC-macrophage co- 
culture system.
Conclusion: The findings demonstrated that NMN could alleviated HS-induced DED status 
through regulating the CEC/macrophage interaction. Our data pointed to the role of SIRT1, 
IL-17a and Notch pathway in the function of NMN and then provided updated knowledge of 
potential NMN application in the management of DED.
Keywords: dry eye disease, hyperosmosis stress, nicotinamide mononucleotide, SIRT1, 
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Background
Dry eye disease (DED) was regarded as one of the most 
prevalent ocular disorders and would lead to significant 
ocular discomforts in the patients with DED. DED, which 
was a multi-factor disease in the ocular surface, was char-
acterized by loss of tear film homeostasis and accompany-
ing ocular surface symptoms.1,2 Its etiologies included 
unstable tear film, tear hyperosmolarity, inflammation 
and injury on the ocular surface, and neurosensory 
abnormalities.3 Among all the pathological progresses of 
DED, a key progress was the tear hyperosmolarity, which 
was both a clinical manifestation as well as an indicator of 
the subsequent ocular inflammation. Detecting the poten-
tial interventions of tear hyperosmolarity would help in 
both understanding of the pathological mechanism as well 
as advanced therapy of DED.

Even the etiology of DED was still not clearly understood 
by now, hyperosmolarity-induced inflammation has been 
concerned. Tear hyperosmolarity could lead to various patho-
logical effects related with the development of DED, the 
ultimate damage appears to be caused inflammatory cyto-
kines in the ocular surface. The epithelial layer was located in 
the outermost in the cornea tissue and it could work as the 
first cell barrier during both extrinsic damages as well as eye 
drops treatment. Through analyzing human corneal epithelial 
cells (CEC) exposed to hyperosmosis stress (HS) and control 
status, more than 150 unique phospholipids and sphingoli-
pids were annotated and this lipid histochemical study high-
lighted the relationship between lipid changes in corneal cells 
exposed to HS and inflammatory responses.4 Besides, in 
a previous study, it was found that HS would lead to an 
excessive reactive oxygen species release and lead to 
decreased autophagy and decreased cell activity in DED.5 

Protection of CEC in the pathological status would help in 
the management of DED and this research approach pro-
vided us various potential therapies for DED.6,7

Macrophage was a key immune cell recruited to the 
cornea during the incidence of ocular surface disorders8,9 

and thus the interaction between CEC and macrophage 
would be an important progress in DED. As macrophage is 
a key source of inflammatory factors, the up-regulated 
inflammatory factors during pathological condition would 
injure the normal function of CEC.10 In advance, as CEC 
was the outset cell layer of cornea and the biological function 
of macrophage would be regulated after CEC treated by 
different pathological progresses. For instance, it was 
reported that Aspergillus fumigatus-stimulated CEC induces 

the pyroptosis of macrophages by secreting thymic stromal 
lymphopoietin.11 IL-17 is the most important effector in 
Th17 cells, and it is currently believed that its family mem-
bers include six highly homologous cytokines, IL-17a ~ f, 
among which IL-17a was the main cytokine of IL-17 family. 
As reported in previous studies, IL-17a was involved in the 
pathological processes of ocular surface diseases and play an 
important role in DED incidence.12 Macrophages show great 
variability in different microenvironments, and were gener-
ally classified into classical activated type (also known as 
M1-type) and alternative activated type (also known as M2- 
type), however, the effects of CEC secreted IL-17a on macro-
phage remained unclear.

NAD+, as a coenzyme that exists in human body and is 
closely related to thousands of enzymes involved in cel-
lular life activities,13 has the potential of delaying senes-
cence and prolonging life with its direct precursor 
substance, nicotinamide mononucleotide (NMN). As 
aging is a risk factor of DED based on the TFOS DEWS 
II,14 the application of NMN, which is a potential anti- 
aging drug might help in the management of DED. In two 
most recent experiments, it was found that NMN applica-
tion could promote epithelial homeostasis by regulating 
the biosynthesis of NAD+.15 Besides, local supplementa-
tion of NMN can effectively prevent corneal endothelial 
cell apoptosis from UVB exposure by reactivating AKT 
signaling.16 To detect the effects of NMN on the CEC- 
macrophage interaction in the development of DED, we 
conduct an in-vitro study and the aims of this study 
included (1) detection of the protective effects of NMN 
on HS-induced CEC and (2) clarification of the effects of 
IL-17a on biological functions of macrophage.

Methods
Cell Culture and Treatment
Mouse primary CEC and macrophage cell line RAW264.7, 
were purchased from Meisen Cell Biotechnology Co. Ltd 
(Hangzhou, China) and cultured in the culture was con-
ducted in Complete Medium for Mouse Corneal Epithelial 
Cells (Meisen, China), which was Keratinocyte serum-free 
medium (KSFM) based special growth medium without 
Ca2+. Cells between passages 3 and 5 would be used in the 
following experiments. The RAW264.7 cell was cultured 
in high-glucose DMEM culture medium supplemented 
with 10% of fetal bovine serum (FBS) and 100 U/mL of 
penicillin. Both cells would be maintained in the incubator 
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in 37°C in a 5% CO2 atmosphere. The culture media was 
changed the next day, and the cell growth status was 
observed daily.

To generate an in-vitro HS model, 40 mM and 90 mM 
NaCl was added in the culture media to generate 
a hyperosmotic medium in 400 and 500 mOsm, respec-
tively. To exclude the effect of Na+/Cl− in the HS in-vitro 
model, 80 mM and 180 mM mannitol added in the culture 
media to induce a control HS in-vitro model. NMN in 
a purity of over 99.5% was purchased from Hygieia 
Biotechnology Co., Ltd (Shenzhen, China) and NMN 
would be dissolved in PBS for the management of in- 
vitro systems.

A non-contact co-culture system was generated in this 
experiment with a six-well transwell plate with 0.4 μm 
pores. This co-culture system is divided into upper and 
lower layers and there is a layer of microporous membrane 
between the upper and lower layers. The CEC/macrophage 
co-culture would be developed by seeding the macrophage 
onto the inner chamber and CEC onto the outer chamber. 
The CEC and macrophage in different groups were pre- 
treated with HS/NMN/Sirtuin 1 (SIRT1) or IL-17a inhibitor 
simultaneously and then fresh media was replaced to gen-
erate a co-culture system. The macrophage in the co-culture 
system would be observed and then collected for advanced 
experiments. Cells between the upper and lower layers can-
not pass and only soluble molecules can penetrate and thus 
the cells on both layers can interact with each other.

Cell Viability
In this current study, the trypan blue staining method was 
adopted to detect cell viability. The cultured CEC in dif-
ferent groups were digested with 0.25% trypsin and single 
cell suspension was prepared. The diluted cells suspension 
in 1×106 cells/mL was mixed with 0.4% trypan blue solu-
tion at a rate of 9:1. Microscopically, dead cells would be 
stained light blue, while alive cells remained clear without 
any staining. The amount of alive and dead cells was 
counted using a counting board in three minutes and the 
cell viability was calculated according to the following 
formula: cell viability (%) = (amount of living cells/ 
amount of total cells) ×100%.

NAD+ Quantification
Intracellular NAD+ levels were quantified with a NAD+ 
assay kit (Sigma-Aldrich, USA). The kit was based on an 
enzymatic cycle reaction in which the NADH formed 
reduces the methyl MAz reagent. The reduced product 

color intensity measured at OD565 nm could be propor-
tional to the NAD+/NADH concentration in each sample 
cells. Three independent measurements of each group 
would be conducted and the mean values were used in 
the final analyses.

Apoptosis Detection
The cells in each group would be rinsed and collected by 
centrifugation for Annexin V-FITC/PI staining (Beyotime, 
China). Each pellet was resuspended in 500 μL of binding 
buffer and then a total of 5 μL of FITC in combination of 5 
μL of PI were added to each well. The detected cells were 
incubated with the mixed staining solution for 15 min at 
37 °C in dark. The apoptotic ratios were then determined 
by flow cytometry (Beckman, USA). AnnexinV-FITC 
positive cells were demonstrated on the X axis while 
Y axis indicated PI positive cells. The  living and apoptotic 
status would be defined by quarter gate gating tool. Q2 
(AnnexinV-FITC positive and PI positive cells) demon-
strated late apoptotic status and Q3 (AnnexinV-FITC posi-
tive and PI negative cells) indicated early apoptotic status. 
The number of combinations of Q2 and Q3 would be used 
in the analyses of apoptosis status in this study.

ROS Activity Assay
For the detection of intracellular ROS content, a commercial 
kit was purchased from Beyotime Biotechnology (China). 
After separating the cells into the flow tubes, the cells were 
centrifugally washed in PBS for three times. Diluting THE 
DCFH-DA probe at 1:1000, adding 1mL diluted probe into 
each tube and incubating it in the incubator for 20 min 
according to the manufacturer’s instructions. Intracellular 
ROS concentrations would be detected using flow cytometry 
(Beckman, USA).

Mitochondrial Membrane Potential 
(MMP) Assay
MMP was measured with a Mitochondrial Membrane 
Potential Assay Kit (Beyotime, China). Briefly, after cul-
turing in the conditioned medium, cells were rinsed and 
washed with PBS 3 times, and incubated with 50 nM JC-1 
at 37°C for 20 minutes. JC-1 is an ideal fluorescent probe 
widely used to detect mitochondrial membrane potential 
ΔΨm. When the mitochondrial membrane potential is 
high, JC-1 aggregates in the mitochondrial matrix to 
form a polymer, which can produce red fluorescence; 
when the mitochondrial membrane potential is low, JC-1 
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cannot gather in the mitochondrial matrix, when JC-1 is 
a monomer, it can produce green fluorescence. After the 
incubation, the cells were washed with PBS and analyzed 
by flow cytometry when the excitation wavelength was 
488 nm and the emission wavelength was 575 nm.

Lactate Dehydrogenase (LDH) Release 
Assay
LDH release was analyzed using the Pierce™ LDH 
Cytotoxicity Assay Kit (Thermo Scientific, USA). The 
target cells were adjusted to 2×105/mL and added into 
the 96-well round bottom cell culture plate. A total of 
100 μL were added to each well and then cultured for 4 
~ 6 hours in an incubator at 37°C with 5% CO2. After 
adding the lactate dehydrogenase related regents, the 
plates were placed at room temperature for 20 minutes. 
The optical density (OD value) of each hole was measured 
on the enzyme linked detector with a detection wavelength 
of 492 nm and a reference wavelength of 650 nm.

Phagocytosis Assay
RAW264.7 cells in different groups were used in the 
phagocytosis assay. After incubating with Nile red fluor-
escent microspheres beads (Invitrogen, USA) in 
a concentration of 5×105 for 2 h, the cells were then 
washed with PBS to quench the fluorescence of extracel-
lular beads and then fixed with 4% for 15 min. Fixedcells 
would be stained with DAPI and then observed under 
fluorescence microscope.

Real-Time PCR (RT-PCR) Assay
Total RNA from the cultured cells were extracted with TRIzol 
(Invitrogen, USA). The cDNA was synthesized using an 
Omniscript RT kit (Qiagen, Germany). The mRNA expres-
sions of relevant genes were measured by RT-PCR assay with 
a QuantiTect SYBR Green PCR kit (Qiagen, Germany) using 
an ABI PRISM 7000 system (Applied Biosystems, USA). 
The primers used in this experiment were provided in Table 1. 
To normalize the expressions of all the genes of interest, we 
adopted β-actin as an endogenous control and calculated the 
relative expression using the 2−ΔΔCt formula.

ELISA
Measurement of IL-17a in the supernatant was conducted by 
ELISA method. Soluble IL-17a in each group was detected 
with a commercial ELISA kit (BD, USA) according to 
manufacturer’s instruction. The absorbance rate at 450 nm 

was transformed to the IL-17a concentration through 
a standard curve on a 96 well plate spectrophotometer.

Western Blot Analysis
The Western blot was performed to detect the protein level 
of TonEBP, SIRT1, IL-17a, intracellular domain of Notch 1 
(NICD1) and Jagged1. Briefly, the harvested cells in differ-
ent groups were lysed using RAPI regent (Beyotime, China) 
with 1% protease inhibitor cocktail (Sigma-Aldrich, USA). 
A total of 25–30 μg protein extraction per sample from both 
CEC and RW264.7 cells were separated with SDS-PAGE 
and the proteins were electroblotted onto a nitrocellulose 
membrane. Then the membranes were blocked with 10% 
(w/v) fat-free milk in TBST (TBS with 0.1% Tween-20) for 
1 h at room temperature. The blots were incubated overnight 
at 4 °C with primary antibodies. The following antibodies 
were used in this experiment: anti-TonEBP (1:1000, Abcam, 
UK), anti-SIRT1 (1:1000, CST, USA), anti-IL-17a (1:1000, 
Abcam, UK), anti-NICD1 (1:1000, Abcam, UK), anti- 
Jagged1 (1:500, Abcam, UK) and anti-β-actin (1:1000, 
Santa Cruz, USA). After washing the membranes with 
TBST, they were further incubated with secondary antibo-
dies for 1 h at room temperature. The transfers were visua-
lized using an ECL kit according to the manufacturer’s 
instructions.

Statistical Analysis
Statistical analyses were performed with GraphPad software 
package 8.0 (CA, USA) in this study. The continuous vari-
ables would be presented as the mean ± standard deviation 
(SD) in independent experiments. Unpaired t-test and one- 
way ANOVA method would be used in the detection of 
difference in two and more than three groups, respectively. 
Post-hoc analyses were conducted using Student-Newman- 
Keuls (SNK) method for multiple comparison during the 
one-way ANOVA analyses. A P value of less than 0.05 
would be considered statistically significant.

Results
NMN Moderated NAD+ Metabolism and 
HS Biomarker Expression in CEC
As described in a previous published review, the salvage path-
way occupied 85% of all the NAD+ and thus regarded as a key 
metabolism pathway.13 NAD+ would be transformed to nico-
tinamide (NAM) through NAD+ consuming enzymes, and 
then became nicotinamide dinucleotide (NMN) after being 
catalyzed by nicotinamide phosphoribosyl transferase 
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(NAMPT). NMN would then be catalyzed by nicotinamide 
mononucleotide adenylyl transferase 1–3 (NMNAT1-3). The 
detailed salvage pathway was presented in Figure 1A and 
NAMPT was the rate-limiting enzyme in the salvage pathway 
of NAD+ mentalism. Comparing with the control group, 
a significant decreased NAD+ content was detected 

(P=0.001) in the HS group and improved NAD+ concentra-
tion was detected in the 250 and 500 μM NMN treatment 
groups comparing with the HS group for 24h (P=0.017 and 
P<0.001, respectively, Figure 1B). To validate the in-vitro 
model, higher hyperosmotic biomarker, TonEBP, was up- 
regulated in both NaCl and mannitol based 400 and 500 
mOsm hyperosmotic culture medium (P<0.05, 
Supplementary Figure 1). In the NaCl based hyperosmotic 
culture medium in a 500 mOsm, 250 and 500 μM NMN 
significantly moderated the expressions of TonEBP (P=0.031 
and P=0.003, respectively, Figure 1C). In the following 
experiments, a dose of 500 μM NMN would be used in the in- 
vitro experiments.

NMN Improved Cell Viability and 
Apoptotic Status of HS-Treated CEC
As HS was one of the most common pathological progress 
of DED, the potential protective effects of NMN on the 
cellular function of CEC. As showed in Figure 2A, 
a significant decreased cell viability could be detected in 
24h and 48h after HS treatment (P<0.05). When a 500 μM 
NMN was added in the HS group, there was no significant 
difference in all the time points comparing with the control 
group. When comparing the HS group and NMN-treated 
HS cell groups, improved cell viability was detected in 24 
h and 48 h (P<0.05). Considering that there was no sig-
nificant difference in the cell viability between 24h and 
48h in HS group and there was an improved cell viability 
since NMN treatment for 12 h, a time point of 24 h was 
used in the following experiment. Considering that CEC 
apoptosis played a key role in the progression of DED, the 
biological function of NMN on cellular apoptosis was 
detected. Through flow cytometry, it was found that cel-
lular total apoptosis was induced by HS and these cellular 
biological progresses were alleviated by NMN treatment 
(P<0.001, Figure 2B).

NMN Alleviated HS-Induced MMP, 
Intracellular ROS and LDH Release 
Increase in CEC
In this study, it was found that HS treatment significantly 
increased MMP. NMN treatment significantly improved 
the MMP status (P<0.001, Figure 3A) and it suggest that 
NMN demonstrated a significant protective effect in the 
MMP maintenance. Considering that mitochondria was 
a key source of intracellular ROS, the results of intracel-
lular ROS was consistent with the MMP status. As showed 

Table 1 The Primers for RT-PCR in This Experiment

Gene Oligonucleotide Sequence (5ʹ–3ʹ)

IL-17a Forward, CCTTCACTTTCAGGGTCGAG 
Reverse, CAGTTTGGGACCCCTTTACA

iNOS Forward, CCCTTCAATGGTTGGTACATGG 
Reverse, ACATTGACTCCGTGACAGCC

COX-2 Forward, TGCAGGCGAAGTGGGTTTTA 
Reverse, GAGTGGGAGGCACTTGCATT

Fizz-1 Forward, CGTGGAGAATAAGGTCAAGGA 

Reverse, CAGTAGCAGTCATCCCAGCA

TNF-α Forward, GCAAAGGGAGAGTGGTCAGG 

Reverse, TTTGTTCCACGGGGGTCTTG

Arg-1 Forward, CAGAAGAATGGAAGAGTCAG 

Reverse, CAGATATGCAGGGAGTCAC

TGF-β1 Forward, AGGAGACGGAATACAGGGCT 

Reverse, CCACGTAGTAGACGATGGGC

IL1β Forward, AAGCCTCGTGCTGTCGGACC, 

Reverse, TGAGGCCCAAGGCCACAGGT

IL6 Forward, CTCTGGGAAATCGTGGAAATG 

Reverse, AAGTGCATCATCGTTGTTCATACA

MCP-1 Forward, CTGCTAAGGACCACTTGCCA 

Reverse, CTCTGCCCTGTTTCCTTCGT

YM1 Forward, TCTCTACTCCTCAGAACCGTCAG 

Reverse, CGCATTTCCTTCACCAGAAC

VEGFa Forward, CACTTCCAGAAACACGACAAC 

Reverse, TGGAACCGGCATCTTTATCTC

CXCL1 Forward, GCCTCTAACCAGTTCCAGCA 

Reverse, TTGTCAGAAGCCAGCGTTCA

Hes1 Forward, ACACGACACCGGACAAACCA 

Reverse, TTATTCTTGCCCTTCGCCTCTT

Cyclin D1 Forward, GAGAAGTTGTGCATCTACAC 

Reverse, GAAGGGCTTCAACTGTTCC

β-actin Forward, GACGGCCAGGTCATCACTATTG 

Reverse, CCACAGGATTCCATACCCAAGA

Abbreviations: IL-17a, interleukin 17a; iNOS, inducible nitric oxide; COX-2, 
cyclooxygenase 2; Fizz-1, found in inflammatory zone 1; TNF-α, tumor necrosis 
factor-α; Arg, Arginase-1; TGF-β1, transforming growth factor-β1; IL1β, interleukin 
1β; IL6, interleukin 6; MCP-1, monocyte chemoattractant protein 1; YM1, chitinase3- 
like3; VEGFa, vascular endothelial growth factor a; CXCL1, chemokine ligand 1.
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in Figure 3B, NMN alleviated intracellular ROS induced 
by HS in cultured CEC. When the LDH release was 
considered, it was found that LDH release was signifi-
cantly after HS treatment and advanced study demon-
strated that NMN treatment would normalize the LDH 
release in the HS-treated CEC (P<0.001, Figure 3C).

HS-Induced IL-17a Expression Was 
Moderated by NMN Treatment Through 
SIRT1
As CEC played a key role in the inflammation of ocular 
surface, the effect of HS on the expression of an important 
cytokine, IL-17a and its potential regulation mechanism 
was detected. Besides, the effect of NMN treatment on IL- 
17a expression was detected in this current experiments. 
As showed in Figure 4A–C, the expression of IL-17a in 
mRNA level, secreted IL-17a in supernatant of cell culture 
media and CEC samples were increased in the HS group 
(P<0.001) and 500 μM NMN treatment significantly mod-
erated the IL-17a expression (P<0.001). In the advanced 
experiment, the effect of NMN administration on IL-17a 
demonstrated that NMN was a negative regulator of IL- 
17a secretion. As SIRT1 selective inhibitor (EX 527, 100 
nM) treatment significantly neutralize the protective effect 
of NMN, it was found that NMN regulated the expression 
of IL-17a through SIRT1.

NMN Regulated Macrophage 
Phagocytosis and Polarization in the CEC/ 
Macrophage Co-Culture System
To detect the effect of secreted IL-17a from CEC on the 
function of macrophage, we conducted an in-vitro study 
based on CEC-RAW264.7 co-culture system. The CEC 
and RWA264.7 cells in different groups were cultured inde-
pendently for 24h and would be maintained in the co- 
culture system for 12h before advanced experiments. To 
detect the effect of NMN regulated CEC on macrophage 
phagocytosis and polarization, the RAW264.7 cells would 
be used in the advanced experiments. Before advanced 
experiments, the control IgG (1μg/mL, Sigma, USA) and 
anti-IL-17a (1μg/mL, R&D System, USA) would be 
applied in the RAW264.7 in the only HS and anti-IL-17a 
group, respectively. As showed in Figure 5A, increased 
phagocytosis ability of macrophage when co-cultured with 
the HS-treated CEC (P<0.05). While application of NMN 
in the CEC and anti-IL-17a would help to relieve the 
increased phagocytosis status of macrophage. Macrophage 
polarization was detected in each group and M1/M2 related 
biomarkers were detected. Higher concentrations of M1 
related biomarkers, including iNOS, IL-1β, MCP-1 and 
TNF-α, were detected in macrophage co-cultured with the 
HS-treated CEC (P<0.05, Figure 5B). When the M2 related 

Figure 1 NMN moderated decreased NAD+ status of CEC in HS status. (A) The detailed salvage pathway of NMN metabolism. n = 3. (B) The NAD+ content in control 
group, HS status and 125, 250 and 500 μM NMN-treated HS group. n = 3, data presented as mean ± SD. One-way ANOVA with SNK multiple comparisons test. *P<0.05, 
***P<0.001. (C) The expression of TonEBP in control group, HS status and 125, 250 and 500 μM NMN-treated HS group. n = 3, data presented as mean ± SD. One-way 
ANOVA with SNK multiple comparisons test. *P<0.05, ***P<0.001.
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Figure 2 NMN improved cell viability and apoptotic status of HS-treated CEC. (A) The cell viability in control group, HS status and NMN-treated HS group in different time 
points. n=4, data presented as mean ± SD. One-way ANOVA with SNK multiple comparisons test. *P<0.05. (B) The cell apoptosis in control group, HS status and NMN- 
treated HS group. n=4, n = 3, data presented as mean ± SD. One-way ANOVA with SNK multiple comparisons test. ***P<0.001.
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biomarkers were considered, lower Fizz-1, Arginase, YM1 
and KLF4 concentrations were detected in the macrophages 
co-cultured with CEC in HS status (P<0.05, Figure 5C). 

The different expressed M1 and M2 related biomarkers 
would be moderated by NMN treatment in CEC and anti- 
IL-17a in the macrophage.

Figure 3 NMN alleviated HS-induced MMP, intracellular ROS and LDH release increase in CEC. (A) The MMP in control group, HS status and NMN-treated HS group using 
JC-1 staining, n=3, data presented as mean ± SD. One-way ANOVA with SNK multiple comparisons test. ***P<0.001. (B) The relative intracellular ROS content in control 
group, HS status and NMN-treated HS group, n=3, data presented as mean ± SD. One-way ANOVA with SNK multiple comparisons test. ***P<0.001. (C) The relative LDH 
release in control group, HS status and NMN-treated HS group, n=3, data presented as mean ± SD. One-way ANOVA with SNK multiple comparisons test. **P<0.01.
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Figure 4 HS-induced IL-17a expression was moderated by NMN treatment through SIRT1. (A) The relative expression of IL-17a mRNA in control group, CEC in HS status, 
NMN-treated CEC in HS status and NMN+Ex527-treated CEC in HS status, n=4, data presented as mean ± SD. One-way ANOVA with SNK multiple comparisons test. 
***P<0.001. (B) The supernatant content of IL-17a in control, CEC in HS status, NMN-treated CEC in HS status and NMN+Ex527-treated CEC in HS status, n=4, data 
presented as mean ± SD. One-way ANOVA with SNK multiple comparisons test. ***P<0.001 (C) The protein levels of SIRT1 and IL-17a in control group, CEC in HS status, 
NMN-treated CEC in HS status and NMN+Ex527-treated CEC in HS status. n=3, data presented as mean ± SD. One-way ANOVA with SNK multiple comparisons test. 
**P<0.01; ***P<0.001.
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Notch Pathway Involved in the Effect of 
IL-17a/NMN on CEC/Macrophage 
Co-Culture System
As Notch pathway had been reported to play a key role in 
the function of IL-17a on the macrophage, its role in the 
function of NMN on the CEC/macrophage co-culture 

system. In this experiment, the expressions of both the 
key protein as well the Notch pathway related genes 
were analyzed. As showed in Figure 6A, increased protein 
level of NICD and Jagged1 were detected in the CEC in 
HS co-cultured with RAW274.6 group. However, the acti-
vation of Notch pathway would be suppressed when NMN 

Figure 5 NMN regulated macrophage phagocytosis and polarization in the CEC/macrophage co-culture system. (A) The phagocytosis ability in macrophage cultured with 
control CEC, CEC in HS, NMN-treated CEC in HS and CEC in HS in combination of anti-IL-17a treatment. (B) The mRNA expression of M1 related genes in macrophage 
cultured with control CEC, CEC in HS, NMN-treated CEC in HS and CEC in HS in combination of anti-IL-17a treatment, n=4, data presented as mean ± SD. One-way 
ANOVA with SNK multiple comparisons test. *Comparing with the control group, P<0.05; #comparing with the HS group, P<0.05. (C) The mRNA expression of M2 related 
genes in macrophage cultured with control CEC, CEC in HS, NMN-treated CEC in HS and CEC in HS in combination of anti-IL-17a treatment, n=4, data presented as mean 
± SD. One-way ANOVA with SNK multiple comparisons test. *Comparing with the control group, P<0.05; #comparing with the HS group, P<0.05.
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added in the CEC and anti-IL-17a added in the 
RAW264.7. When the Notch pathway related genes were 
considered, higher expressions of CXCL1, Hes1 as well as 
Cyclin D1 were detected in the HS-treated CEC/macro-
phage co-culture system (P<0.05, Figure 6B). Moderated 
Notch pathway related genes expressions could be 
detected when NMN treatment in CEC and anti-IL-17a 
on RAW274.6 cells.

Discussion
DED was one of the most prevalent ocular disease in which 
tear hyperosmolarity was one of the key pathological pro-
gresses during the development of DED. Both CEC and 

macrophage played important effects in the hyperosmolar-
ity-induced ocular surface, however, the interaction between 
CEC and macrophage was still eagerly required to be 
investigated. NMN had been reported to be related with 
the incidence of a variety of chronic diseases17 and recently 
reported to play a protective effect in ocular diseases.16 In 
the present study, it was confirmed HS treatment would lead 
to an increased expression of IL-17a in CEC and thus 
induce the activation of macrophage based on a CEC/ 
macrophage co-culture system. Moreover, NMN could sig-
nificantly alleviate HS-induced IL-17a secretion and mod-
erate the subsequent macrophage activation through Notch 
pathway. As NMN was a direct activator of SIRT1 and 

Figure 6 Notch pathway involved in the effect of IL-17a/NMN on CEC/macrophage co-culture system. (A) The expression of NICD1 and Jagged1 in macrophage cultured 
with control CEC, CEC in HS, NMN-treated CEC in HS and CEC in HS in combination of anti-IL-17a treatment, n=3, data presented as mean ± SD. One-way ANOVA with 
SNK multiple comparisons test. ***P<0.001. (B) The expression of target genes of Notch pathway in macrophage cultured with control CEC, CEC in HS, NMN-treated 
CEC in HS and CEC in HS in combination of anti-IL-17a treatment, n=4, data presented as mean ± SD. One-way ANOVA with SNK multiple comparisons test. *Comparing 
with the control group, P<0.05; #comparing with the HS group, P<0.05.
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selective inhibition of SIRT1 alleviated the protective 
effects of NMN in HS-treated CEC. Therefore, these find-
ings provided us important clues in the understanding of the 
effects of NMN on DED development as well as the impor-
tant pathological progress of CEC/macrophage interaction.

As DED was a multifactor disease and there are several 
relatively independent pathological progresses involving in 
the development of DED, among them HS has been regarded 
as one of the decisive factors.18 Increased tear hyperosmolarity 
was a clinical sign of incidence of DED and it could trigger the 
subsequent ocular inflammation. In previous studies, aber-
rantly hyperosmosis status would increase the apoptosis and 
ROS activation of CEC and thus cause ocular surface damage 
in the development of DED.19,20 Detecting the protective 
regents for CEC, such as application of high-affinity liposomal 
astaxanthin21 and Polygonum cuspidatum (PCE) aqueous 
extract,22 demonstrated potential innovative therapies for 
DED. However, the effects of NMN, which was regarded as 
a powerful pre-drug for cellular senescence, in the progression 
of DED remained unclear. In a recent study, it was reported 
that aging was related with corneal and ocular surface home-
ostasis in mice,23 thus it provided us powerful tools for poten-
tial application of anti-aging drug in the treatment of DED. In 
a most recent study, it was found that hyperglycemia decreased 
the biosynthesis of NAD+ and impaired epithelial wound 
healing in DM mice.24 Supplementation of NAD+ and its 
precursors promotes corneal wound healing and nerve regen-
eration in patients with diabetes mellitus. In this current study, 
NMN application in the HS-induced dry eye in-vitro model 
demonstrated significant protective effects, including 
improvement in cell viability and alleviated apoptotic status. 
This was the first study focusing the effect of NMN in HS- 
induced DED and the preliminary conclusion demonstrated 
that NMN could be regarded as a hopeful drug for DED 
management.

Abnormal increased inflammatory factors, including 1β, 
IL-6, IL-8, IL-10, interferon-γ, IFN-γ, and tumor necrosis 
factor-α, however, evidence was less strong for IL-2 and IL- 
17A.25 While it was found that Th17 was a key immune cell 
that demonstrated main role in chronic ocular surface 
disorders.26 The IL-17 cytokine family was named CTLA8 
when it was discovered in 1993.27 It is secreted by T helper 
cell 17, Th17. It was subsequently discovered that it can 
induce synovial cells and mesenchyme. The cell secretes IL- 
6 and IL-8 and is renamed IL-17. Among the 6 members of the 
IL17 family, IL-17a is the symbol of the family and the most 
widely studied factor.28 It can protect the host against extra-
cellular pathogens, but it can also promote the inflammatory 

pathology of autoimmune diseases, similar to IL-17c. Previous 
experiments confirmed that the IL-17 family can activate anti- 
cytokines and chemokines in the MAPK, NF-κB and C/EBPS 
pathways. As reported in a series of clinical studies, higher IL- 
17a in tear were detected in patients with contact lens dis-
comfort and more severe dry eye related symptoms.12,29 

Besides, it was demonstrated that increased IL-17a level was 
detected in the DED cases with diabetes comparing with the 
DED cases without diabetes and it highlighted the effect of IL- 
17a caused by the systemic inflammation on the DED 
incidence.12 In this current experiment, we provided evidences 
demonstrating that increased hyperosmolarity would induce 
up-regulation of IL-17a in the CEC and then lead to the 
activation of macrophage. These results highlight the impor-
tant role of IL-17a in the incidence of DED and confirmed the 
function if IL-17a on macrophage. It should be noticed that 
IFN-γ, which was both up-regulated in DED as well as a key 
regulator of macrophage,30 might produce potential key role in 
the incidence of DED. In the following experiments, IFN-γ 
was once be considered as the target gene in the detection of 
the molecular mechanism DED development. Besides, Notch 
pathway had been reported to be an important pathway 
involved in the biological activity of IL-17a in macrophage. 
To date, several attempts have been conducted to analyze the 
effect of IL-17a on the Notch pathway and it was reported that 
Notch signaling pathway was tightly associated with IL-17a in 
airway hyperresponsiveness and skin inflammation.31,32 

Activated action of Notch pathway and increased expression 
of its target genes provided us powerful and conclusive evi-
dence on the biological activity of IL-17a through Notch. 
Advanced experiments should be conducted to detect the 
potential protective effects of inhibitors of IL-17a and Notch 
pathway on DED incidence.

NAD+ was the substrate of longevity III protein lysine 
deacetylase Sirtuins. SITR1 existed in the cytoplasm. 
Sirtuins played an important role in cell resistance, energy 
metabolism, apoptosis and aging, so they are called long-
evity proteins. SIRT1 had been regarded as a potential 
protective target for ocular damages.33,34 It had confirmed 
that NMN after systemic or local application would always 
be transformed to NAD+ and then demonstrated important 
regulation effects for kinds of diseases.35,36 SIRT1 was 
one of the most confirmed NAD+ consuming enzyme, 
thus higher SIRT1 would be induced by NMN application 
in various disorders and biological progresses, including 
hepatocellular carcinoma,37 adaptive thermogenesis38 and 
osteogenesis.39 In this current experiment, it was found 
that NMN-induced expression of SIRT1 could lead to 
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a decreased level of IL-17a and this result might explain 
the biological mechanism of NMN application on DED, at 
least in part. This finding was consistent with previous 
result based on animal experiments of allograft rejection, 
T cell-driven retinal disease and germinal matrix 
hemorrhage.40–42 The mounting evidences on the relation-
ship between SIRT1 and IL-17a in various biological 
progresses demonstrated that they could be a potential 
regulation mechanism in other disorders. There was one 
limitation should be discussed in this experiment. Only 
SIRT1 and IL-17a inhibitors, EX-527 and IL-17a mono-
clonal antibody, were used in the mechanism investigation. 
Even these two regents were target selective, the off-target 
effects of these two inhibitors should be addressed in the 
understanding of pathological effects of SIRT1/IL-17a 
pathway in the CEC-macrophage crosstalk in the develop-
ment of DED. The vector regents or control Fc antibody 
would provide better knowledge in the validation of 
mechanism of action for SIRT1/IL-17a pathway. Besides, 
advanced studies based on SIRT1 or IL-17a knock-out 
mice would help in the detailed molecular mechanism 
detection in the following experiments.

In this current study, we provided the knowledge of 
NMN application on the expression of SIRT1 and IL-17a 
and then described the potential molecular mechanism in the 
CEC-macrophage co-culture system. To describe the regula-
tion effects of downstream functional proteins, the Notch 
pathway was described and it improved our understanding 
of the DED. Besides, the interaction between CEC and 
macrophage was described in this current study and thus 
provide us deeper understanding in the biological progress 
of DED. The central role of CEC was confirmed and the co- 
culture system could be used in the following DED analyses. 
However, one limitation should be mentioned in this study 
was that only in-vitro data was provided in this study. 
Considering the complex regulation relationship of different 
genes and cell types were studied in this study, it might be 
relatively hard to re-conduct this experiment in animal mod-
els. The macrophage cell line, RAW264.7, was not primary 
cultured cells and it would be partly from the really macro-
phage in the mice. In the advanced, primary cultured macro-
phage would be used in the experiment. Besides, 
considering the off-target effects could not be ignored in 
the inhibitor use in the experiments, more animal experi-
ments based on SIRT1−/- or IL-17a−/- mice would be con-
ducted. The apoptosis related proteins, including Bax/Bcl2 
and caspase family, would help our understanding in the 
effects of NMN on HS-related CEC apoptosis. Based on 

the fact that there were limitations on the cellular experi-
ments, we thought that Tunnel assay in animal experiments 
would help to improve our knowledge. These experiments 
would be conducted in the animal experiments. In the future, 
advanced application of activators and inhibitors of SIRT1 
and Notch pathway would be used and thus provide us better 
understanding in the specific drugs for the treatment 
of DED.

Conclusions
In summary, NMN could induce up-regulation of SRIT1 
and down-regulation of IL-17a in the CEC. Application 
of NMN would alleviate cellular damage of CEC caused 
by hyperosmolarity. Besides, IL-17a secreted from CEC 
would activate macrophage and lead to M1 polarization 
thus demonstrated harmful effects. Our collective data 
pointed to the molecular mechanisms and then provided 
the potential benefits of NMN in the management 
of DED.
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