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ABSTRACT
Dry eye disease (DED) is an eye condition that primarily affects up to 30% of adults aged 50 years and older, impacting
visual  function  and  quality  of  life.  The  prevalence  of  the  condition  increases  with  age.  Common  symptoms  of  dry  eye
include  dry  eyes,  redness,  a  sensation  of  having  a  foreign  object  in  the  eye,  eye  pain,  sensitivity  to  light,  increased  eye
discharge, eye itching, and visual fatigue. In this paper, we systematically review the primary pathological mechanisms of
dry eye, the impact of aging on dry eye, and current strategies for clinical treatment.
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1    Introduction
Tears  are  essential  for  maintaining  the  health  of  the  ocular
surface  and  normal  vision.  Several  internal  and  external
factors  can  have  a  negative  impact  on  the  composition,
integrity,  and  stability  of  the  tear  film,  leading  to  dry  eye
disease (DED). It  is  considered one of the most common eye
conditions  that  prompt  patients  to  seek  eye  care.  Although
DED  may  be  asymptomatic,  symptomatic  patients  often
report a gritty or foreign body sensation, discomfort, dryness,
photophobia,  irritation,  burning,  stinging,  pain,  and  blurred
vision  in  the  eye.  The  stages  of  DED  can  range  from  mild,
temporary  eye  discomfort  to  chronic,  severe  pain  with
deteriorating  visual  function.  It  imposes  a  significant  burden
on  patients  and  society  in  terms  of  economic  and  medical
resource utilization and quality of life [1–11]. TFOS DEWS II
2017  [12]  defines  DED  as  a  multifactorial  condition
characterized by the loss of homeostasis in vivo. This involves
tear  film  instability  and  hyperosmolarity,  ocular  surface
inflammation and injury, and neurosensory abnormalities, all
of  which  contribute  to  the  vicious  cycle  of  DED.  The  Asian
Dry  Eye  Society  has  proposed  an  alternative  definition:  "Dry
eye  is  a  multifactorial  disease  characterized  by  instability  of
the tear film, which can lead to a variety of symptoms and/or
visual  impairment,  often  accompanied  by  damage  to  the
ocular  surface"  [13].  There  are  two types  of  dry  eye:  aqueous
deficiency  and  evaporative.  The  former  is  due  to  decreased
tear  production  from  the  lacrimal  gland,  while  the  latter  is

mainly  caused  by  the  meibomian  gland  dysfunction  (MGD).
Evaporative dry eye has been shown to have a strong positive
correlation with aging [14]. In fact, aging is one of the primary
risk  factors  for  dry  eye  [15].  The  prevalence  of  DED  and  its
associated  morbidity  is  expected  to  increase  as  the  elderly
population  grows  [16].  The  Epidemiology  Subcommittee  of
the  Dry  Eye  Workshop  (DEWS)  conducted  a  meta-analysis,
which showed that the overall  prevalence of the combination
of  signs  and  symptoms  ranged  from  8.7%  to  30.1%  [17].
Studies show that 14.4% of the population over the age of 50
suffers  from  dry  eye,  and  indicate  that  it  is  particularly
prevalent  among  women  [18].  Therefore,  this  review  will
focus  on  the  impact  of  aging  on  dry  eye  research  and  the
corresponding treatment strategies. 

2    Pathological mechanism of DED
 

2.1    Inflammation
Ocular  surface  and  lacrimal  gland  inflammation  are  the
primary  causative  factors  of  DED.  Ocular  surface  stress,
including  environmental  factors,  infections,  endogenous
stress, antigens, and genetic factors, has been postulated as the
pathogenic  trigger  mechanism.  Studies  have  shown  that
patients  with  DED  can  detect  a  significant  infiltration  of
lymphocytes  in  the  ocular  surface  and lacrimal  gland tissues.
This is accompanied by a decrease in lactoferrin secretion and
an  increase  in  cellular  inflammatory  factors,  which  further
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exacerbates the inflammation. Ocular surface inflammation is
both  the  primary  cause  and  the  subsequent  result  of  DED
[19].  The  initiation  and  resolution  of  inflammation  on  the
surface  of  the  eye,  when  the  body  is  exposed  to  external
stimuli  or  when  homeostasis  is  imbalanced,  is  typically
controlled  by  immunoregulatory  processes.  A  sustained
inflammatory  response  will  enhance  the  activity  of
multipotent  adult  progenitor  cells  (mAPCs),  as  well  as  the
production  and  recruitment  of  CD4+  Th  cells  on  the  ocular
surface.  When immune  regulation  is  inadequate  to  eliminate
inflammation,  effector  T  cell  activity  will  become
dysregulated,  primarily  through  increased  release  of  pro-
inflammatory cytokines,  leading to further inflammation and
injury. New inflammation and injury then reinitiate the innate
immune  response,  creating  a  vicious  cycle  [20].  Throughout
the  inflammatory  response,  immune  cells  release  pro-
inflammatory cytokines and chemokines,  which recruit  more
immune  cells  and  ultimately  lead  to  a  vicious  cycle  of

inflammation  (Fig.  1).  Current  studies  on  inflammatory
mediators  associated  with  DED  include  IL-1α,  IL-1β,  IL-1R,
IL-2,  IL-4,  IL-6,  CCR2,  CCR6,  CCR7,  CX3CL1,  CXCL9,
ICAM-1, IFN-γ, MMP-1, MMP-3, MMP-9, TNF-α [21].

Throughout  the  inflammatory  response,  immune  cells
release  pro-inflammatory  cytokines  and  chemokines,  which
recruit  more  immune  cells  and  ultimately  lead  to  a  vicious
cycle of inflammation.

The  signaling  pathway  that  triggers  the  inflammatory
cascade in  cells  on the  ocular  surface  is  shown in Fig.  2.  The
signals  are  detected  by  cell  surface  receptors  that  can  detect
various stimuli such as pathogen-associated molecular pattern
(PAMP),  danger-associated  molecular  pattern  (DAMP),  or
reactive  oxygen  species  (ROS),  which  initiate  a  pathway  of
downstream effects that activate nuclear factor-κB (NF-κB) or
other  transcription  factors  [22–25].  NF-κB  controls  the
transcription  of  a  number  of  genes  that  are  involved  in
inflammatory  responses,  including  proinflammatory
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Figure 1    The vicious cycle of inflammation in dry eye.
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Figure 2    The signaling pathway that triggers the inflammatory cascade in cells on the ocular surface.
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cytokines.  This  pathway  further  promotes  APC  maturation
and initiates the inflammatory cascade.

NF-κB  also  regulates  the  transcription  of  inflammatory
vesicle  components  in  response  to  extracellular  stimuli,  such
as high osmolarity.  Activation of  the inflammasome pathway
is  thought  to  be  a  key  initiating  stage  of  epithelial
inflammation  [26].  Essentially,  inflammasomes  are
multiprotein  structures  that  assemble  in  the  cytoplasm  of
epithelial  cells  in  response  to  extracellular  signals.  Once
assembly is activated, the central protein (NLRP3) recruits the
apoptotic  speck-like  protein  (ASC) to  the  junction.  The  ASC
is  activated  and  cleaves  procaspase  to  caspase-1.  the  active
caspase-1  then  cleaves  the  pro-inflammatory  cytokines
prointerleukin-1β and prointerleukin-18 to their active forms,
IL-1β  and  IL-18.  Inflammasome  activation  also  leads  to  cell
death  through  plasma  membrane  rupture,  followed  by  the
release  of  intracellular  components  that  release  active
cytokines and initiate an immune response.

Inflammasomes  are  molecular  platforms,  assembled  from
eight  proteins – these  vary  with  the  specific  inflammasome
type, but the central protein is always a member of the protein
family  NLRP  (NOD-,  LRR-,  and  pyrin  domain-containing
protein).  Studies  suggest  NLRP3  is  the  key  inflammasome
protein  in  DED,  via  the  ROS-NLRP3-IL-1β  signaling  axis
[26–29],  although  NLRP6  inflammasomes  have  also  been
observed in models of DED [26].

Throughout  the  inflammatory  response,  the  NF-κB
pathway  is  activated,  resulting  in  increased  transcription  of
pro-inflammatory factors, and the NF-κB pathway leads to the
assembly  of  inflammatory  vesicles,  which  further  activates
ACS and caspase-1. 

2.2    Hyperosmolarity
Tear  hyperosmolarity  (THO)  is  common  to  all  subtypes  of
DED  and  is  considered  a  central  factor  driving  the
pathophysiology  of  DED  [30].  THO  causes  morphological
changes, such as apoptosis in the conjunctiva and cornea, and
triggers  an  inflammatory  cascade  response  that  leads  to
additional  cell  death  [31].  The  presence  of  THO  alone  is
sufficient to disrupt neuroimmune homeostasis in the mouse
ocular  surface,  leading  to  many  subclinical  cases  of  DED.
THO  activates  the  NF-κB  signaling  pathway  in  the
conjunctival  epithelium,  reduces  the  recruitment  and
maturation of dendritic cells, and activates memory T cells in
the  ocular  lymph  nodes  (Fig.  3).  Furthermore,  THO  reduces
the  density  of  nerve  endings  in  the  corneal  epithelium  and

makes  the  ocular  surface  more  sensitive  to  hyperosmolarity.
Overall,  THO  appears  to  be  a  key  initiating  factor  in  the
development of DED [32].

THO  activates  the  NF-κB  signaling  pathway  in  the
conjunctival  epithelium,  reduces  the  recruitment  and
maturation of dendritic cells, and activates memory T cells in
the ocular lymph nodes. 

2.3    Meibomian gland dysfunction
The  meibomian  glands  are  sebaceous  glands  with  a  tubular-
vesicular  structure  and  a  fully  secretory  function.  They  are
located  in  the  upper  and  lower  eyelid  margins.  The
meibomian  glands  secrete  meibum,  which  is  composed  of
polar  lipids  (phospholipids)  and nonpolar  lipids  (cholesterol,
cholesteryl  esters).  Meibum is  delivered  to  the  ocular  surface
where  it  coats  the  aqueous  layer  and  provides  tear  film
stability  and  protects  against  microbial  agents  and  organic
matter  [33].  Several  risk  factors  for  MGD  include  aging,
oxidative  stress,  androgen  depletion,  changes  in  the
microbiome, and wearing contact lenses.

MGD  is  the  most  common  cause  of  evaporative  DED.
MGD  is  characterized  by  obstruction  of  the  terminal  ducts
and/or changes in the quality or quantity of meibomian gland
secretion,  which is  a  component  of  the  lipid  layer  of  the  tear
film [12].  Displacement,  obstruction, and/or inflammation of
the  lacrimal  gland  can  result  in  the  accumulation  of  tears
within  the  gland  and  the  growth  of  bacteria  and  mites,
including  staphylococci.  Bacterial  growth  increases  the
production  of  lipase  and  esterase  enzymes,  which  degrade
lipids, leading to an increase in the viscosity of tear fluid and a
decrease in its secretion on the surface of the tear film. A tear
film  deficient  in  lipids  promotes  increased  tear  evaporation,
hyperosmolarity,  and  inflammation.  This  leads  to  the
subsequent keratinization of the lacrimal gland orifice, which
further  obstructs  and  atrophies  the  lacrimal  gland,
contributing  to  the  development  of  DED  [34].  It  is  the
changes  in  the  lacrimal  gland  that  connect  the  two  vicious
cycles of MGD and DED (Fig. 4). The changes in the lacrimal
gland connect the two vicious cycles of  MGD and DED (Fig.
4). The absence of normal meibomian glands reduces the lipid
content of the tear film, initiating a vicious cycle in DED. The
reduced  lipid  content  leads  to  increased  tear  evaporation,
hyperosmolarity,  and  inflammation,  further  exacerbating
evaporative dry eye.

In a cross-sectional study involving 177 subjects aged 21–93
years,  a  significant  association  between  abnormalities  in  the
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Figure 3    Tear hyperosmolarity in the pathological mechanism of dry eye.
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lid  margin  or  meibomian  glands  and  aging  is  observed  [14].
Another  cross-sectional  study  of  80  subjects  aged  5–87  years
found  that  lid  margin  vascularity,  cutaneous  hyper
keratinization  and  meibomian  gland  orifice  narrowing
increased  with  age  [35].  The  number  of  active  meibomian
glands also decrease by half from 20 to 80 years [36] and gland
dropout  is  visible  at  old  age  [37].  Histology  of  83  human
meibomian  gland  samples  from  17  to  87  years  at  autopsy
reveals  acini  atrophy,  cystic  dilatation  of  acini  and/or  ducts
and  basement  membrane  thickening  of  acini  [38].  In  one
report,  older  mice  (12  and  24  months)  exhibited  less  lipid
content  and atrophy of  vesicular  tissue compared to younger
mice (2 and 6 months) [39].

Changes  in  the  lacrimal  gland  connect  the  two  vicious
cycles of MGD and DED.

Sexual  or  gender  diversity  is  a  key  variable  that  affects  the
functioning of every organism in the biological world. Ocular
surface physiology is no exception. It is a well-established fact
that  women  are  more  likely  to  develop  DED  than  men  [40].
The  Women's  Health  Study,  a  large  health  survey  conducted
in  North  America,  reported  a  prevalence  of  DED  as  high  as
9.5%  among  women  over  the  age  of  75  [41].  The  same
research group assessed the prevalence of DED in men using a
similar methodology, and showed that the prevalence of DED
was 70% higher in women than in men in the age group of 50
years  and  older  [42].  The  prevalence  of  DED  in  women  was
also  found  to  be  higher  than  in  men  in  the  age  group  of  50
years and older. Of the 1174 Australian participants who were
examined  for  dry  eye  and  completed  the  dry  eye
questionnaire,  and women had a higher frequency of dry eye
symptoms [43]. Next, we will discuss the unique effects of sex
hormones on ocular surface structure. 

2.3.1    Androgens and meibomian gland dysfunction

Androgens  promote  lipid  synthesizing  activity  in  sebaceous
gland  cells  and  leptomeningeal  cells.  Androgen  receptors  are
expressed  in  both  sebaceous  gland  cells  and  leptomeningeal

cells  [44, 45].  Androgens  regulate  the  expression  of
leptomeningeal genes and lipid production [46]. In particular,
androgens  stimulate  genes  in  the  lipid  synthesis  pathway  of
the  mouse  leptomeningeal  glands  [47].  One  of  these  genes  is
the sterol regulatory element-binding protein (SREBP), which
is  the  most  important  transcription  factor  known  to  be
involved  in  the  process  of  lipogenesis  [48].  Scd-1  is  an
important  enzyme  in  fatty  acid  metabolism,  and  sebaceous
glands  and  sebaceous  glands  in  mice  deficient  in  Scd-1  are
severely atrophied [49]. This suggests that androgens promote
genes  that  are  critical  for  normal  blepharoplasts.  Thus,  age-
related  declines  in  androgens  [50, 51]  may  lead  to  impaired
lipid synthesis by the meibomian gland cells,  which may lead
to senile blepharoconjunctivitis. 

2.3.2    Estrogen and meibomian gland dysfunction

Estrogen  and  progesterone  receptors  are  present  in  a  wide
variety  of  ocular  surface  structures,  including  the  cornea,
conjunctiva, meibomian glands and lacrimal glands, as well as
many  ocular  surface  structures  [52, 53].  As  such,  it  regulates
key  cellular  events  on  the  ocular  surface.  In  contrast  to
androgens,  estrogens  appear  to  have  antagonistic  effects  on
the  physiology  of  the  meibomian  glands.  In  animal
experiments,  17ß-estradiol  stimulates  genes  involved  in  the
catabolism  of  lipids  and  fatty  acids  and  downregulates  genes
involved in lipid synthesis [54]. Injection of estrogen leads to
sebaceous gland atrophy, decreased activity, and reduced lipid
synthesis in humans and many other species [55]. The loss of
androgen  trophic  support  for  the  meibomian  gland  is  more
critical to the worsening of tear film instability and other DED
symptoms  in  older  women  than  the  reduction  in  estrogen
support [56].

The mechanism of  the age-related increase  in  MGD is  not
known. In fact, as discussed above, very few studies have been
conducted on MGD in the context of aging at the mechanistic
level.  Previous  studies  have  shown  that  age-related  MGD
appears to be primarily caused by a decrease in the number of
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Figure 4    Importance of meibomian gland dysfunction in the vicious circle of the pathology of DED.
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differentiated  lacrimal  gland  cells  [57].  PPAR-γ  (peroxisome
proliferator-activated  receptor)  is  a  key  regulator  of  lacrimal
gland  cell  differentiation  and  function.  The  transition  of
PPAR-γ from cytoplasmic to nuclear localization during aging
is  a  significant  event  in  the  development  of  MGD  [39].
Furthermore,  the  buildup  of  reactive  oxygen  species  as
individuals  age  may  contribute  to  the  development  of  MGD
[58].  These  mechanisms  may  underlie  MGD  in  the  elderly
population. 

2.4    Neurosensory abnormalities
Some  DED  patients  show  little  or  no  ocular  surface  findings
but  report  major  ocular  pain  or  ocular  dysesthesia.  These
patients are typically diagnosed as neuropathic DED and may
demonstrate  corneal  nerve  abnormalities  and  altered  corneal
sensitivity  [59].  This  fact  was  acknowledged  by  the  updated
DEWS  II  definition  for  DED  that  includes “neurosensory
abnormalities” as a pathophysiological event [12].

Tear  hyperosmolarity  itself  may  lead  to  a  reduction  of
intraepithelial  corneal  nerves  and  endings  [60].  In  a  mouse
model of chronic DED, the reduction in tear production and
the development of corneal inflammation is accompanied by a
reduction  in  intraepithelial  corneal  nerve  endings.  Studies
have shown that corneal sensitivity and nerve density decrease
with age in mice [61]. The cornea is extensively innervated by
trigeminal ganglion cold thermoreceptor neurons that express
transient  receptor  potential  melastatin  8  (TRPM8).  These
neurons  respond to  cooling,  hyperosmolarity,  and wetting  of
the  corneal  surface.  TRPM8  was  significantly  elevated  in  the
ocular branch of the trigeminal ganglion in a mouse model of
severe  dry  eye  associated  with  corneal  cold  hypersensitivity
[62].  The  dysregulated  balance  between  TRPM8-expressing
endings ultimately determines the changes in tear quality and
quantity observed in elderly patients with DED, as well as the
appearance of the accompanying unpleasant dryness [63]. 

3    The effects of aging on dry eye
 

3.1    Lacrimal gland malfunction in aging
The incidence of dry eye increases with age, and it is estimated
that nearly 15% of people over 65 years old suffer from dry eye
[64].  As  individuals  age,  the  typical  tissue  structure  of  the
human lacrimal  gland undergoes  changes,  including  lacrimal
gland lobular fibrosis, lobular atrophy, diffuse fibrosis, diffuse
atrophy,  periductal  fibrosis,  and  lymphocytic  infiltration,
along  with  elevated  levels  of  IL-1β  and  TNF-α  protein
expression  [65].  Periductal  fibrosis,  interlobular  expansion,
and interlobular duct hyperplasia were not observed in glands
from  3-,  8-,  or  12-month-old  mice,  but  these  tissue  changes
were observed in glands from 24- and 32-month-old animals
[66].

Lipofuscin-like inclusions are part of a group of age-related
pigments  that  are  composed of  polymeric  polymers  resulting
from  the  oxidation  of  lipids  and  proteins  [67].  These
inclusions  accumulate  in  the  lysosomes  of  post-mitotic  cells
over time [68]. No accumulation of lipofuscin was observed in
3-month-old  animals.  Lipofuscin-like  inclusion  bodies
appeared  in  the  cytoplasm  of  the  glandular  vesicle  cells  of
animals  aged  8–12  months.  As  the  animals  aged  (24  and  32
months),  large  cytoplasmic  granules  of  lipofuscin-like

inclusion  bodies  appeared  in  many  glandular  vesicle  cells,  in
contrast to the glands of young animals. This further suggests
a  strong  correlation  between  aging  and  the  accumulation  of
lipofuscin-like inclusion bodies in the lacrimal gland [66].

Chronic  inflammation  can  be  observed  in  the  aging
lacrimal  glands  of  various  mammals,  including humans [69].
Experimental  studies  have  found  that  mast  cells  in  the
lacrimal  glands  of  3-month-old  mice  are  restricted  to  the
interlobular  connective  tissue  and  are  positioned  around
blood  vessels.  Mast  cells  were  observed  infiltrating  the
interlobular  space  in  the  glands  of  animals  aged  8  to  12
months.  The  presence  of  degranulated  mast  cells  was  also
observed in 12-month-old mice. An increased number of mast
cells  were  observed  in  the  glands  of  24- and  32-month-old
mice.  It  was  further  demonstrated  that  there  is  a  strong
correlation between aging and the infiltration of mast cells in
the lacrimal gland [66]. 

3.2    MGD in aging
Age-related  changes  in  the  meibomian  glands  have  been
studied  in  humans  and  mice  [70, 71].  Structural  changes  in
the  human  meibomian  glands  involve  a  decrease  in  gland
density  and  diameter,  while  rates  of  gland  detachment  and
obstruction  increase  with  age  [71].  These  changes  were  also
observed  in  healthy  mice  aged  2–24  months,  showing  a
decrease in alveolar tissue with age [39]. In both humans and
mice, the number of Ki67-positive cells decreases with age and
is  significantly  negatively  correlated with increasing age  [71].
Age-related  changes  in  human  and  mouse  sebaceous  glands
also affect the expression of peroxisome proliferator-activated
receptor  (PPAR)  γ  in  meiotic  cells  [72].  Nuclear  staining  for
PPARγ  was  similar  in  meiotic  cells  between  young  and  old
mice, but the distribution of PPARγ staining in the cytoplasm
was observed only in young mice [71]. Overall, these findings
suggest that the aging process of the meibomian glands leads
to MGD, resulting in tear film instability that may contribute
to evaporative dry eye. 

3.3    Ocular surface inflammation in aging
In  humans  and  mice,  fluorescein  corneal  and  conjunctival
staining  increases  with  age,  indicating  greater  corneal
irregularity  and  permeability,  and  consequently  reduced
epithelial  barrier  function  [73].  The  number  of  cupped  cells
decreases with age in mice and humans [74]. The structure of
cupped  cells  changes  with  age,  especially  in  mice  [75],  but
such  changes  are  not  observed  in  humans  as  they  age  [76].
Furthermore,  research has shown that corneal sensitivity and
nerve density decrease with age in mice [61].  The infiltration
of  antigen-presenting  cells  on  the  mouse  ocular  surface  also
significantly  increases  with  age  [77].  With  advancing  age,
there  is  an  increase  in  the  infiltration of  CD4+ T cells  in  the
conjunctiva of both humans and mice, while the infiltration of
CD8+  T  cells  remains  unchanged.  This  led  to  a  significant
increase in the CD4/CD8 ratio. In addition, the expression of
Th1  and  Th17-related  cytokines  (such  as  IFN-γ  and  IL-17)
increased with age in the mouse conjunctiva. Both human and
mouse  conjunctival  epithelium  exhibited  elevated  levels  of
various pro-inflammatory cytokines and chemokines [78].

Anatomic  changes,  such  as  conjunctival  tenderness  and
laxity of the eyelids, are more common in older adults. Studies
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have  shown  that  these  changes  in  the  ocular  surface  are
associated with symptoms of dry eye and abnormalities in tear
production.  Conjunctival  softening  is  characterized  by  a
relaxed,  redundant,  non-edematous  conjunctiva,  typically
located  between  the  eyeball  and  the  lower  eyelid.  It  is  a
significant  factor  contributing  to  ocular  discomfort  and
instability of the tear film. The condition can affect the nasal,
central,  and temporal  regions  of  the  lower  eyelid  and usually
occurs bilaterally [79]. It has been found that tear film stability
is  significantly  reduced  in  patients  with  conjunctival
chondromalacia.  Additionally,  it  has  been  observed  that
lesions  in  the  medial  and  nasal  areas  interfere  with  tear  film
stability  more  than  lesions  in  the  temporal  area  [80].  The
eyelids  are  known  to  play  an  important  role  in  maintaining
the  dynamics  of  a  healthy  tear  film.  Previous  studies  have
shown  that  under  normal  blinking  conditions,  the  lipid  film
spreads within the eyelid.  If  the  eyelids  are  lax,  it  can lead to
extremely  severe  ocular  surface  symptoms.  Previously
reported risk factors for eyelid laxity include older age, weight
gain, male gender, and obstructive sleep apnea [81]. 

3.4    Autoimmune diseases in aging
Aging, as a universal biological phenomenon, is an inevitable
tendency  throughout  life  and  has  a  close  impact  on  the
immune  system.  Aging  induces  a  decline  in  the  function  of
the  immune system,  a  process  known as  immunosenescence,
which  affects  the  composition,  number,  and  function  of
immune organs, immune cells, and cytokines [82]. According
to  previous  studies  and  reports,  autoimmune  diseases  are
important  contributors  to  the  development  of  DED.  DED  is
seen  in  about  10%–95%  of  patients  with  immune-related
diseases; 38%–47% of rheumatoid arthritis (RA) patients have
DED,  compared  to  13.4%–39.5%  for  systemic  lupus
erythematosus  (SLE),  95%  for  Sjögren's  syndrome  (SS),  and
37%–79% for systemic sclerosis (SSc) [83]. 

3.4.1    SS and DED

Primary  SS  is  a  complex  systemic  autoimmune  disease  that
primarily  affects  exocrine  glands,  including  the  salivary  and
lacrimal  glands.  Of  the  various  types  of  autoimmune
rheumatic  diseases  (ARDs)  [84],  primary  SS  is  most  closely
associated  with  dry  eye.  Destruction  of  exocrine  glands  and
infiltration  of  lymphocytes  play  an  important  role  in  the
pathogenesis of SS. SS is usually accompanied by symptoms of
dry  eyes  and  dry  mouth  at  the  time  of  presentation.  It  has
been emphasized that  patients  often describe not  only  ocular
discomfort but also visual disturbances.

In  patients  with  SS,  activated  T  cells  target  the  lacrimal
gland,  leading  to  cell  death  and  inadequate  tear  production,

which  triggers  aqueous-deficient  dry  eye  (ADDE);  however,
MGD  may  also  be  involved  [85].  This  leads  us  to  recognize
that  EDE  also  plays  an  important  role  in  SS.  When  the
meibomian  glands  fail  to  secrete  the  oil  layer  that  covers  the
tear  film,  evaporation  of  the  aqueous  layer  is  accelerated,
leading to EDE. These mucins make up the mucus layer of the
tears and play a role in stabilizing the tear film on the ocular
surface  [86].  Studies  have  also  emphasized  that  an  unstable
tear film is more prone to evaporation, which can exacerbate
the symptoms of DED [87]. 

3.5    Metabolic diseases in aging
The  prevalence  of  dry  eye  may  be  higher  in  patients  with
diabetes than in the healthy population [88]. About one in five
patients  with  type  2  diabetes  mellitus  (T2DM)  has  been
reported  to  suffer  from  dry  eye,  which  reduces  the  patient's
quality of life [89]. The prevalence of dry eye in patients with
T2DM  has  been  reported  to  be  higher  than  in  the  healthy
population.  The tear film is  the interface between the surface
of  the  eye  and  the  external  environment,  and  it  contains  a
tightly  controlled  amount  of  water,  proteins,  and  lipids.
Normal  secretion  of  proteins  and  fluids  in  the  tear  film  is
essential  for  maintaining  the  health  of  the  ocular  surface.
Diabetes  impairs  tear  secretion  and  induces  lacrimal  gland
(LG) changes. Early studies found that insulin was involved in
LG  disturbances  such  as  impaired  secretion  and  decreased
protein  secretion  [90].  Subsequent  studies  confirmed  that
lipid accumulation in the LG spine layer increased with age in
a  nonobese  diabetic  (NOD)  mouse  model.  This  change  is
accompanied  by  lymphocytic  infiltration  and  destruction  of
the spines [91]. 

4    Treatment  strategies  for  aging-related  dry
eye
As the lacrimal system undergoes numerous changes with age,
it  is  important  to  first  assess  which  part  of  the  system  is
dysfunctional  and  to  treat  it  according  to  the  location  of  the
dysfunction. The initial treatment for patients with DED starts
with  protecting  the  ocular  surface  using  artificial  tears,  of
which  there  are  many  products  available.  In  addition,
numerous  emerging  therapies  have  been  developed  for  the
treatment  of  DED,  as  treatments  are  continuously  updated
(Table 1). Starting with anti-inflammatory approaches, as well
as other mechanisms in combination, are described. 

4.1    Anti-inflammatory therapy
Omega-3  essential  fatty  acids  have  been  shown  to  reduce
inflammation in older patients with dry eye [92]. Diets rich in

 

Table 1    Emerging therapies for the treatment of DED

Therapy name Mechanism of action Ocular condition or disease

Omega-3 Anti-inflammatory DED

SkQ1 (Visomitin) Antioxidant DED

Thermal pulsation therapy Improves meibomian gland function DED associated with meibomian gland dysfunction

Intense pulsed light therapy Improves meibomian gland function DED associated with meibomian gland dysfunction

Intranasal tear nerve stimulator Increase tear volume DED

Hormonal and calorie restriction Anti-aging DED associated with aging

6 Aging Research

 

https://www.sciopen.com/journal/2957-8701

https://www.sciopen.com/journal/2957-8701
https://www.sciopen.com/journal/2957-8701
https://www.sciopen.com/journal/2957-8701


omega-3  fatty  acids,  such  as  tuna,  or  omega-3  supplements
like fish oil,  have been reported to reduce the risk of  chronic
dry eye disease (DED) and improve signs and symptoms [93].
The  omega-3  fatty  acid  EPA  and  the  omega-6  fatty  acid
arachidonic  acid  (AA)  competitively  act  as  substrates  for
cyclooxygenase  and  5-lipoxygenase.  The  anti-inflammatory
effect is believed to result from the synthesis of prostaglandin
E3  and  leukotriene  B5  (LTB5)  by  EPA,  which  inhibits  the
conversion  of  AA  to  the  potentially  harmful  inflammatory
mediators  prostaglandin E2 and leukotriene B4.  Studies  have
found  improvements  in  tear  film  stability,  lid  margin
inflammation,  expression  of  meibomian  glands,  and
Schirmer's  test  results  in  patients  with  DED  who  take  oral
omega-3  supplements  [94].  Additionally,  the  use  of  omega-3
fatty  acid  supplementation  reduced  the  expression  of  human
leukocyte  antigen-DR  (HLA-DR),  a  marker  of  conjunctival
inflammation,  and  may  contribute  to  the  improvement  of
DED symptoms [95]. 

4.2    Anti-oxidative stress
Oxidative  stress  is  believed  to  be  a  contributing  factor  in  the
development  of  DED,  leading  to  episodes  of  inflammation
and  increased  angiogenesis.  Recent  advancements  in  DED
research  indicate  that  inflammation  and  injury  to  the  ocular
surface  play  a  causative  role,  with  inflammation  being  a
central  mechanism  in  the  development  of  DED.  Therefore,
investigating  the  connection  between  ROS  production,  lipid
peroxidation-related  membrane  damage,  and  inflammatory
processes in DED may lead to an effective treatment for DED
[96].

SkQ1  (Visomitin)  is  a  novel  synthetic  antioxidant  that
penetrates the cell and accumulates in the inner mitochondrial
membrane.  It  reduces  the  damage  caused  by  the
overproduction  of  mitochondrial  ROS  by  switching  between
reduced  and  oxidized  forms  [97].  The  protective  effect  of
SkQ1 enhances the clinical condition of the ocular surface by
inhibiting  apoptotic  and  pre-necrotic  changes  in  the  corneal
epithelium.  The  potential  mechanism  involves  inhibiting
oxidative  stress  by  stimulating  intrinsic  antioxidant  activity
and antioxidant  enzymes,  particularly  glutathione  peroxidase
and  glutathione  reductase,  in  the  cornea.  In  addition,  SkQ6
enhances the antioxidant activity and stability of the tear film
and  exerts  anti-inflammatory  effects,  as  indicated  by  a
decrease  in  TNF-α  and  IL-10  levels  in  the  tear  fluid  and  a
notable increase in IL-1 [98].

According to clinical trials, SkQ1 demonstrated a reduction
in tear  film instability  and an improvement in the functional
status  of  the  cornea.  Through  its  antioxidant  mechanism  of
action,  SkQ1  appears  to  significantly  improve  symptoms  in
patients with mild to moderate DED [97]. 

4.3    Treatment of blepharoplasty dysfunction
Intense  pulsed  light  (IPL)  treatments  are  performed  using
devices  such  as  the  Lumenis  OPT  M22  (Lumenis,  Yokneam,
Israel),  E-Eye  (E-Swin,  Gambais,  France),  and  DermaMed
Quadra  4  IPL  (DermaMed,  Lenni,  PA,  USA).  These  devices
provide  high-intensity  visible  light  across  a  broad  spectrum
(wavelengths  ranging  from  500  to  1200  nm)  as  a  non-
coherent, multi-color light source. These wavelengths of light
stimulate melanin and hemoglobin in the skin, leading to the

coagulation  and  ablation  of  blood  vessels.  In  2008,  IPL
therapy  became  commonly  used  to  treat  dermatological
conditions [99]. Early clinical studies applying this therapy to
patients  with  MGD  suggest  that  it  may  be  beneficial  in
improving signs and symptoms of this disease, such as eyelid
erythema and capillary dilation [100].

Several  hypotheses  exist  regarding  how  IPL  may  improve
various  aspects  of  DED,  including  enhancing  lid  quality  by
increasing  periocular  skin  temperature,  disrupting  periocular
capillary  dilation  rich  in  pro-inflammatory  mediators,
eliminating bacteria, inhibiting inflammatory cytokines (IL-6,
tumor necrosis factor (TNF)-α), and reducing reactive oxygen
species.  One  study  demonstrated  that  intense  pulsed  light
reduced inflammatory mediators in tears [101]. 

4.4    Treatment of LG dysfunction
The  eye  contains  ocular  surface  sensory  reflexes  and  blink
reflexes that involve the functional units of the lacrimal gland.
Additionally, there is a nasal tear reflex, in which the afferent
pathway begins in the sensory receptors of the nasal mucosal
epithelium and travels  to  the  superior  salivary  nucleus  (SSN)
of the brainstem via the anterior ethmoid sinus nerve and the
ophthalmic  branch  of  the  trigeminal  nerve.  From  there,
preganglionic fibers travel along the median nerve to reach the
pterygopalatine  ganglion,  where  they  innervate  the  lacrimal
gland, cupula, and meibomian glands [102]. The nasolacrimal
reflex  originates  from  the  SSN  in  the  same  efferent  pathway
that innervates the lacrimal functional unit (LFU) [30].

Recently  published  preclinical  studies  have  utilized  nerve
stimulators implanted in the nasal cavity or near the lacrimal
nerve to stimulate the anterior ethmoidal nerve for 3 minutes
at frequencies ranging from 30 to 90 Hz. The results of these
studies  showed  that  electrical  stimulation  increased  tear
production  and  decreased  tear  concentration  [103].  The
intranasal  tear  nerve  stimulator  device  has  recently  been
approved by the US Food and Drug Administration (FDA) for
use  in  adults.  Preclinical  studies  have  shown  statistically
significant  improvements  in  lacrimal  gland  dysfunction,
cupped cell density, and tear production. TrueTear (Allergan,
Parkway  Parsippany,  NJ,  USA)  has  been  discontinued  from
the  market,  but  iTEAR100  (Olympic  Ophthalmology,
Issaquah, WA, USA) is still available [104]. 

4.5    Treatment of ocular surface changes
Previously  reported  risk  factors  for  eyelid  laxity  include
advanced age, weight gain, male gender, and obstructive sleep
apnea.  The  prevalence  of  laxity  is  higher  with  increased
severity  of  the  disease  [105].  Palliative  treatments,  such  as
eyelid  coverings,  eyelid  taping,  nocturnal  lubrication,  topical
steroids, and eyelid scrubs, have been utilized [106]. However,
their discomfort and impracticality,  particularly the risks and
dangers associated with topical steroid use, have led to a shift
in  treatment  towards  surgical  interventions  aimed  at
tightening the eyelid. These interventions include total wedge
resection,  lateral/medial  eyelid  folding,  and  medial  sub  lid
stripping [107].

Conjunctival  softening,  characterized  by  excessive
conjunctival  folds,  is  another  anatomical  abnormality  that
disrupts tear film integrity and can lead to symptoms of DED.
Patients  with  conjunctival  softening  exhibit  tear  film
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abnormalities,  such  as  decreased  Schirmer  scores,  increased
detachment  of  meibomian  glands,  and  heightened  eyelid
vascularity  [108].  Artificial  tears  and/or  topical  anti-
inflammatory  medications  are  typically  used  as  the  initial
treatment for symptomatic relief.  If  pharmacologic treatment
is  ineffective,  excision  or  thermal  cautery  of  the  excess
conjunctiva may be considered [93]. 

4.6    Advanced ocular surface reconstruction
Advanced  ocular  surface  remodeling  methods,  such  as
lacrimal  gland  regeneration  or  transplantation  of
bioengineered lacrimal tissue, may also be used after the above
treatments have failed to improve symptoms in patients with
DED. In the case of partial damage to the lacrimal gland and
other components of the functional unit of the lacrimal gland,
the therapeutic strategy is to take regenerative measures to the
residual  cells  or  tissues.  In  cases  of  complete  damage  to  the
lacrimal gland and other components of the functional unit of
the  lacrimal  gland, in  vitro reconstruction  of  the  lacrimal
gland  or  bioengineering  of  the  lacrimal  gland  are  the  only
options [109]. 

4.7    Treatment of autoimmune disease-related DED
Treatment options for DED range anywhere from eliminating
the  risk  factors  and  environmental  factors  to  surgical
approaches.  The  same  approach  also  applies  to  autoimmune
disease-related DED. Recently, lifitegrast ophthalmic solution
5% (Xiidra™)  has  been FDA approved in the USA. Lifitegrast
works  by  inhibiting  the  binding  of  lymphocyte  function-
associated  antigen-1  (LFA-1)  and  intercellular  adhesion
molecule-1  (ICAM-1),  and  appears  to  impact  the  T  cell-
mediated immune response and inflammation associated with
DED  [110].  Physician-prescribed  topical  corticosteroids  or
topical  prochlorperazine  for  a  limited  period  of  time  are
among  the  prescription  medications  that  can  also  be  used  to
treat  autoimmune-related  dry  eye.  In  conclusion,  the
cooperative treatment of multiple systems plays an important
role in elderly patients with dry eye. 

4.8    Treatment of diabetes-related DED
The  treatment  strategy  for  diabetes-related  dry  eye  is  a
combination  of  systemic  interventions  and  targeted  ocular
therapy. For patients with aqueous-deficient dry eye, the effect
of real-time blood glucose concentrations on tear film stability
is  significant  and  rapid;  therefore,  effective  control  of  blood
glucose concentrations should be emphasized in such dry eye
patients.  Because  the  effect  of  high  blood  glucose
concentrations  on  patients  with  hyper-evaporative  dry  eye  is
slow and gradual,  these dry eye patients should pay attention
to  eyelid  margin  cleaning  in  addition  to  controlling  blood
glucose concentrations. Dietary and lifestyle control as well as
modification of systemic disease therapy will  greatly improve
dry eye symptoms in diabetic patients.

In  addition,  we  should  cooperate  with  endocrinologists  to
regularly  assess  the  ocular  surface  status  of  diabetic  patients,
so as to achieve early prevention, diagnosis,  and treatment of
diabetes-related  dry  eye,  and  ultimately  to  realize  a  good
quality  of  life  and  visual  quality  of  patients  with  diabetes-
related dry eye. 

4.9    Anti-aging treatment

The  incidence  of  dry  eye  increases  with  age  due  to  systemic
changes [111]. While medication is the primary treatment for
dry eye, addressing environmental factors and adjusting daily
habits are also crucial for treating and preventing the disease.
Age  is  a  risk  factor  for  the  disease  [112].  As  we  age,  tear
production decreases, leading to a significant reduction in the
amount of tears in patients with dry eye [113].

Aging  is  a  long-term  cumulative  process,  primarily
characterized by the effects of oxidative stress that accumulate
over time and the simultaneous decrease in the body's defense
capacity.  During  the  aging  process,  the  formation  of  reactive
oxygen  species  resulting  from  various  reactions  impacts
molecular,  mitochondrial,  cellular,  and  organ  levels,
ultimately  contributing  to  systemic  aging  [114].  The
molecular-level approach has not been satisfactorily observed
at  the  systemic  level.  After  antioxidant  supplementation,
hormonal  regulation and calorie  restriction are  two potential
approaches to counteract and slow down the aging process. 

5    Conclusion
In  conclusion,  the  changes  that  occur  in  the  lacrimal  gland,
Meibomian gland,  and ocular surface with aging are likely to
underlie the connection between aging and dry eye. With the
growing  number  of  people  affected  by  dry  eye  and  extensive
research  on  the  pathogenesis  of  the  condition,  it  has  been
demonstrated  that  dry  eye  is  an  ocular  disease  caused  by
multiple  systemic and local  factors  with complex and diverse
origins and clinical presentations. Therefore, the treatment of
dry  eye  is  no  longer  limited  to  simple  lubrication  and
moisturizing  therapy.  It  is  more  important  to  consider  the
benefits  and  risks  of  each  dry  eye  therapy  and  to  adjust  the
treatment accordingly. In addressing dry eye treatment in the
elderly, lifestyle interventions, such as dietary therapy and anti-
aging approaches, may complement clinically based treatment
strategies to effectively manage dry eye symptoms. 
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