
Citation: Musa, M.; Zeppieri, M.;

Enaholo, E.S.; Salati, C.; Parodi, P.C.

Adipose Stem Cells in Modern-Day

Ophthalmology. Clin. Pract. 2023, 13,

230–245. https://doi.org/10.3390/

clinpract13010021

Academic Editor: Anna Capasso

Received: 28 December 2022

Revised: 30 January 2023

Accepted: 1 February 2023

Published: 4 February 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Review

Adipose Stem Cells in Modern-Day Ophthalmology
Mutali Musa 1 , Marco Zeppieri 2,* , Ehimare S. Enaholo 3, Carlo Salati 2 and Pier Camillo Parodi 4

1 Department of Optometry, University of Benin, Benin City 300238, Nigeria
2 Department of Ophthalmology, University Hospital of Udine, 33100 Udine, Italy
3 Centre for Sight Africa, Nkpor, Onitsha 434112, Nigeria
4 Department of Plastic Surgery, University Hospital of Udine, 33100 Udine, Italy
* Correspondence: markzeppieri@hotmail.com

Abstract: Stem cells (SCs) have evolved as an interesting and viable factor in ophthalmologic patient
care in the past decades. SCs have been classified as either embryonic, mesenchymal, tissue-specific,
or induced pluripotent cells. Multiple novel management techniques and clinical trials have been
established to date. While available publications are predominantly animal-model-based, significant
material is derived from human studies and case-selected scenarios. This possibility of explanting
cells from viable tissue to regenerate/repair damaged tissue points to an exciting future of therapeutic
options in all fields of medicine, and ophthalmology is surely not left out. Adipose tissue obtained
from lipo-aspirates has been shown to produce mesenchymal SCs that are potentially useful in
different body parts, including the oculo-visual system. An overview of the anatomy, physiology, and
extraction process for adipose-tissue-derived stem cells (ADSC) is important for better understanding
the potential therapeutic benefits. This review examines published data on ADSCs in immune-
modulatory, therapeutic, and regenerative treatments. We also look at the future of ADSC applications
for ophthalmic patient care. The adverse effects of this relatively novel therapy are also discussed.
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1. The Anatomy of Adipose-Tissue-Derived Stem Cells (ADSC)

Adipose-tissue-derived stem cells (ADSCs) are mesenchymal cells derived from
adipocytes, as the name implies [1]. The proliferative actions of these cells were discov-
ered as secondary effects of leptin secretion [2–4]. Adipose tissue is distributed normally
around the body at sites such as the bone marrow (i.e., red adipose) [5], articular cartilage,
and visceral and subcutaneous fat deposits [6–10]. Adipose tissue may also form around
the hepatic tissue [11] and cardiac smooth muscle [12]. Adipose tissue obtained via lipo-
aspirates can be analyzed in an alkaline medium catalyzed by collagenase enzymes [13].
The subsequent reactions help reveal the base anatomy. Adipose tissue is made up of a
stromal vascular fraction (SVF) and mature adipocytes [14].

Various cellular components make up the SVF [15]. These include adipose stro-
mal/stem cells, pericytes, preadipocytes, smooth myocytes, myeloid cells, fibroblasts,
endothelial cells, lymphocytes, and macrophages [16]. Of these constituents, adipose
stromal cells are identified as being experimentally multipotent [17]. It is important to
remember that adult mesenchymal SCs are derived from the stromal vascular fraction
component of adipose tissue [18].

Adipose tissue exists in various isoforms that chiefly differ in their thermogenic capac-
ities. These include brown adipose tissue [19] and white adipose tissue [20]. White adipose
tissue exists at subcutaneous sites, in the bone marrow, and around the linings of visceral
organs [21]. Brown adipose tissue, however, is located all around the body and helps to
convert energy from food into heat, especially in cold temperatures [22]. Brown adipose
tissue also contains more mitochondria and capillaries than white adipose tissue, indicating
that it is more efficient at supplying oxygen to surrounding tissues [23]. Cadherins, along
with integrins, are known receptors that mediate transmembrane adhesion [24].
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2. A Brief Introduction to Stem Cells (SCs)

SCs can be seen as undifferentiated, unspecialized cells possessing characteristics that
allow them to proliferate and integrate into differentiated cells under prime physiologi-
cal conditions [24]. The vast potential of SCs for various aspects of tissue regeneration,
remodeling, and reconstitution has been studied over the past several years, with the
earliest therapeutic applications emerging in the fields of oncology and bone marrow
transplantation [25,26]. SCs can be considered either embryonic stem cells (ESCs) or so-
matic stem cells (SSCs) [27], which vary in their differentiation capabilities depending
on the stage of development. In general, stem cells can be classified as pluripotent [28],
totipotent [29], oligopotent, multipotent, or unipotent [30]. ESCs tend to possess a much
greater disposition for pluripotency than somatic stem cells [31]. Research on human
embryonic stem cells (hESCs) has targeted ways to catalyze cellular pluripotency.

Totipotent stem cells (TSCs) can differentiate into all tissues present in the entire
living organism, which includes both embryonic and extraembryonic constituents [32].
Embryologically, upon the fertilization of the ova, a zygote is formed with a high degree
of totipotency. At this stage, it is programmed to differentiate into multiple germ layers
and the placenta. After about a week, the embryo travels down the fallopian tube and
differentiates into the blastocyst, which is formed by a blastocoel, inner cell mass, and
trophectoderm. The blastocyst inner cell mass consists of pluripotent stem cells (PSCs).

PSCs can differentiate into the three germ layers but cannot proliferate to extraem-
bryonic elements (placenta) [33], which is possible with totipotent cells. Pluripotent cells
exist as ESCs within the blastocyst of the embryo during the early stages of fertilization.
Based on in vitro studies, it is known that PSCs are derived from the inner cell mass of
pre-implantation embryos [34]. Over the years, the ethics of working and researching with
these cells has been questioned [35,36]. The discovery of induced pluripotent stem cells
(iPSCs), however, via reversal from somatic stem cells, has aided in addressing these ethical
barriers. ESCs are termed iPSCs when hESCs are derived from the epiblast layer in the
post-implantation stage [37,38].

From PSCs, multipotent, oligopotent, and unipotent SCs emerge down the differ-
entiation lineage. Multipotent SCs possess characteristics to differentiate into cells orig-
inating from specific lineages [39]. Hematopoietic SCs represent a common lineage of
multipotency [40]. Oligopotent cells, in comparison, have a narrower spectrum of dif-
ferentiation into several (very related) cell types [40,41]. Unipotent cells, however, have
the most limited differentiation capacity but possess special properties for repeated
cellular division [42].

Adult or somatic stem cells (SSCs) exist as unspecialized, undifferentiated cells in the
midst of other differentiated cells [43]. These cells can be found in various tissues upon
the completion of the developmental process. SSCs play advanced roles in tissue repair,
replacement, and wound healing when placed in the right physiological environment [44].
Most somatic SCs have a limited capacity for differentiation. Out of a broad range of adult
SCs, mesenchymal stem cells (MSCs) are the most significant [45]; others include neural
cells, hematopoietic SCs, etc.

MSCs differentiate into several tissues of a multicellular lineage. These cells possess
broader multipotent characteristics (via iPSCs) when compared to other types of SSCs [46].
MSCs have been reported to play various roles in biological tissue formation and regen-
eration. MSCs are important in the repair and regeneration of bone, cartilage, adipose
tissue, bone marrow, tendons, and muscle. MSCs can thus be seen as progenitors for
differentiating into adipocytes, chondrocytes, myocytes, and osteocytes [47–49]. Reversibly,
they can also be derived via these aforementioned cell lineages [50]. The occurrence of
these processes depends on trans-differentiation.
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3. Introduction to Stem Cell Medicine

Stem cell/regenerative medicine has been developed from the discovery that SCs
can be modulated accordingly for the potential enhancement of variable tissue repair
and regeneration [51]. Numerous strategies have been proposed to achieve programmed
SC differentiation, arising from pertinent research, experimental models, and expansive
future potential. Tissue engineering, molecular/cellular biology, and medical science
make up the basis of SC medicine [52]. The discovery of adult MSCs has paved the way
for game-changing possibilities in the field of SC medicine. MSCs are progenitors for the
differentiation of cells of mesenchymal origin (i.e., adipocytes, chondrocytes, myocytes, and
osteocytes). These cells have been primarily studied, and numerous biological applications
have been hypothesized to date.

In stem cell research, MSCs are commonly derived from autologous, allogeneic, and
xenogeneic sources [53]. Experimentally, they are often isolated from the bone marrow;
however, gaining access to bone-marrow-derived MSCs requires significantly invasive
aspiration techniques [54]. Upon the onset of senescence, however, MSCs derived from
the bone marrow often exhibit depreciated proliferative capabilities [55,56]. Adipose
tissues, in comparison, are a preferred source of adult MSCs. Adipose tissue can be
harvested using minimally invasive techniques with far less associated risk than bone
marrow aspiration [57]. These cells tend not to lose the capacity to differentiate upon
the onset of senescence [58]. Hence, adipose tissue represents a more viable “lifelong”
source of MSC.

The effects of adipose-derived MSCs (ADSCs) on multiple acquired and degenerative
disorders have been investigated in numerous animal-based research studies but sparingly
in human trials. Theoretically, ADSCs have been found to have therapeutic significance
around the site of delivery via immunosuppressive [59], angiogenic [59], and proliferative
mechanisms [60]. ADSCs also promote tissue regeneration via the paracrine secretion
of extracellular vesicles, which have been observed to release trophic factors in vivo [61].
Known paracrine factors secreted by adipose stem cells include matrix metalloproteinase
inhibitors (−1, 2, and 3), vascular endothelial growth factor [62,63], platelet-derived growth
factor [64], tumor necrosis factor-alpha [64], human growth factor, various cytokines,
hepatocyte growth factor [65], transforming growth factor beta-1 [66], etc.

The extracellular vesicles of adipose tissue have been hypothetically viewed as se-
cretomes for the potential development of “cell-free” regenerative therapies. The future
discovery of alternative cell-free strategies could help ease ethical concerns limiting the
unrestricted practice of SC medicine in modern times.

4. Extraction of Adipose-Tissue-Derived Stem Cells (ADSCs)

Adipose tissue can be extracted during elective surgery with little to no risk to the
donor. It is also possible to extract adipose tissue using a fine-needle aspiration technique.
The extracted adipose tissue is easily cryopreserved for extended periods with minimal loss
in viability [67]. ADSCs are then isolated from adipose tissue using collagenase digestion.
Isolated SCs display differing characteristics depending on the site of extraction. Studies
have shown the possibility of extracting different progenitor cells from ADSCs obtained
during eyelid surgery [68]. The authors described a novel method of extracting these cells
by digesting ADSCs using collagenase for 16 h. The resulting cells were expanded and
exhibited an ability to differentiate into endothelial cells and osteocytes, amongst others.
They went on to hypothesize that central and medial orbital adipose tissues could be a
source of both mesodermal and neuroectodermal progenitor cells, respectively.

Further studies have assessed the viability of adipose stem cells derived from fat
harvested via either tissue resection or power-assisted liposuction [69]. Cell viability
was determined using fluorescence-activated cell sorting and amine-reactive dyes. The
researchers subsequently found that cell viabilities and senescence ratios were similar for
both harvesting techniques. The power-assisted liposuction technique was reportedly
preferred for its reduced invasiveness.
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5. Methods Used in Minireview
5.1. Inclusion Criteria

• Records that focused on the use of adipose stem cell tissue in ophthalmology;
• Studies on the use of stem cells in human tissue;
• Full-text papers;
• Journal articles published within the last 10 years, ranging from 2012 to 2022;
• Studies published in the English language;
• Primary sources with qualitative or quantitative research designs.

5.2. Exclusion Criteria

• Animal and animal-tissue-based studies;
• Studies that focused on other fields of medicine outside ophthalmology;
• Studies not published in English;
• Journal articles published outside the range from 2012 to 2022

To ensure the accuracy and transparency of the records used for this study, the Pre-
ferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) [70] was used
to populate this review in October 2022 using the PubMed database, which is shown in the
chart below in Figure 1.

In the PRISMA chart, i is the total number of records identified through the PubMed
search (150); ii is the net number of articles identified after removing duplicates (147); iii is
the number of articles that passed the screening criteria to be included in this review (147);
iv is the number of records that did not meet the screening criteria (37); v is the number of
full-text articles among the records that met the screening criteria (110); vi is the number of
articles further excluded with reasons (41); and vii is the final number of articles used in
this review (69).

The following describes the PubMed search criteria for ADSCs in ophthalmology. The
inclusion criteria limited articles to publications involving the use of adipose-tissue-derived
stem cells in an ophthalmology setting. The earliest year of publication of the articles was
set to be a maximum of 10 years before writing this paper (2012). Only articles that were
available for free and as full texts were included. One article was removed because it was
published in a language the authors could not read.

PubMed keywords were “Adipose-derived” AND “stem cells” OR “stem” AND “cells”
OR “stem cells” AND “ophthalmologie” OR “ophthalmology” OR “ophthalmology” OR
“ophthalmology”.

The search strategy was “Adipose-derived”[All Fields] AND (“stem cells”[MeSH
Terms] OR (“stem”[All Fields] AND “cells”[All Fields]) OR “stem cells”[All Fields]) AND
(“ophthalmologie”[All Fields] OR “ophthalmology”[MeSH Terms] OR “ophthalmology”[All
Fields] OR “ophthalmology s”[All Fields]).
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Figure 1. PRISMA flow diagram of included studies, adapted from Ref. [70].

6. Delivery of Autologous or Allogeneic Adipose-Derived Stem Cells for Experimental
Management of Ocular Surface Disease (OSD)

A review of specific uses of ADSCs in ophthalmology suggests that the ocular structure
of interest is a determinant for the optimal selection of delivery protocols. Numerous studies
in the literature in this field have shown the possibilities of ADSC therapy to treat various
types of ocular surface diseases (OSDs), including chemical burns, corneal epitheliopathy,
corneal laceration, dry eye disease, limbal stem cell deficiency, keratoconus, etc. [71].

The cornea is a trilaminar structure. The epithelial layer is derived from the surface
ectoderm; the stroma is from neural crest mesenchyme; and the endothelial layer is from
neural crest cells. Considering the multicellular differentiation potential of corneal cells,
the adoption of ADSCs in corneal treatment could hypothetically improve the availability
of viable lamellar tissue [72]. ADSC-conditioned mediums have been shown to enhance
the viability of corneal endothelial cells [73]. Alternative strategies, such as transplanting
human ADSCs (hADSCs) on synthetic hyaluronic acid scaffolds into the corneal stroma
of murine eyes via created flap incisions, have shown potential for the differentiation of
ADSCs into a collagen matrix [74]. ADSC exosomes have also been reported to promote
corneal stromal fibroblast viability [75]. Lee et al. tested a topical application of low-
molecular-weight ADSC-conditioned medium (LADSC-CM) on dry eye syndrome murine
models and concluded that ADSCs were useful in alleviating signs of dry eye [76].

Espandar et al. grafted xenogeneic hADSCs onto acutely afflicted rabbit corneas
using a scleral contact lens carrier. The study showed a reduction in ocular inflammatory
signs that were not observed in controls [77]. A similar study on in vivo rabbit models via
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subconjunctival injection of an hADSC suspension showed favorable results in chemical
burn recovery and corneal tissue repair that were not manifested in the controls [78]. Exper-
iments performed by our group a few years ago utilized the topical delivery of stem cells
derived from processed human lipo-aspirates in rat models with alkaline corneal injury [79].
Our study showed complete and enhanced healing times for the re-epithelialization of le-
sioned rat corneas in the ADSC-treated group when compared with the other treatment and
control groups. Histological samples showed fewer inflammatory markers and potentially
better healing mechanisms in the ADSC group.

Corneal neovascularization readily occurs when there is an insult to the corneal
integrity [80]. Epithelial–mesenchymal transition (EMT) has been implicated in promoting
subepithelial corneal fibrosis in limbal stem cell deficiency. The secretome of ADSCs has
demonstrated potency in inhibiting the EMT of corneal epithelial cells, thereby reducing
corneal tissue fibrosis [81]. Pirounides et al. delivered autologous ADSCs to rabbit corneal
lesions via topical, subconjunctival, and intrastromal routes [82]. ADSC-treated corneal
tissue showed statistically reduced corneal neovascularization when compared to a control
group treated with phosphate-buffered saline.

7. ADSCs in Ophthalmic Surgery

Ophthalmic surgery is often necessary for the management of ocular morbidity.
Surgery can offer therapeutic benefits; however, ocular complications such as trauma
must be considered due to specific procedures, inflammation, and infection. Penetrating
keratoplasty and keratoprosthesis are invasive treatment options for visual impairment due
to extensive corneal scarring. The use of donor corneas has numerous limitations, which
include a lack of donor tissue, the possible rejection of donor tissue, high complication rates,
elevated risks of postoperative complications, increased induced astigmatism, etc. [74].

Less invasive options are becoming of increasing interest in the field regarding corneal
repair. Studies have shown that exosomal microRNA-19 suppresses the differentiation of
corneal stromal keratocytes into myofibroblasts [83]. Ma et al. grafted autologous rabbit
adipose stem cells on a poly lactic-co-glycolic acid (PLGA) scaffold following mechanical
corneal stromal injury. Marked stromal repair was reportedly observed in vivo [84]. Our
group tested the efficacy of topical ADSCs on mouse models with laser-induced photore-
fractive keratectomy [85]. Homogeneous corneal lesions were created using a laser device.
Fluorescein staining and specific corneal photography were used to estimate the extent
of the lesions during the entire treatment regimen. The study showed that the group of
mice that received supplemental ADSC topical treatment healed faster and with fewer
complications when compared to the other groups and the controls.

ADSC therapy has been shown to enhance surgical outcomes and reduce postoperative
complications. El Zarif et al. reviewed the laser-assisted intrastromal implantation (via
injection) of autologous adipose-derived stem cells in patients with advanced keratoconus
to aid in corneal stroma regeneration [71]. They reported an improvement in corneal
integrity and function in all of their test groups, which received some form of stem cell
therapy. Similar exciting results were reported by Qiu et al., who performed sclerocorneal
transplantation of amniotic membranes and autologous ADSCs onto the ocular surfaces of
rabbits with limbal stem cell deficiency [86]. ADSC therapy alone performed better than a
combined ADSC and amniotic membrane therapy or a third placebo group.

Park et al. utilized a topical cell-free conditioned medium derived from autologous
ADSCs on murine models of alcohol-burn-induced keratitis [87]. The ADSC preparation
was administered four times daily in the test mice, while other groups of mice received a
placebo. Fluorescent biomicroscopy showed the improved expression of corneal epithelial
cells. There was also an upregulation of interleukin-6, epidermal growth factor, and
C-X-C chemokine receptor type 4 mRNAs. Shadmani et al. injected both autologous
and allogeneic ADSCs subconjunctivally in animal models of corneal alkali injury and
obtained similar results [88]. Dinç et al. also performed the subconjunctival injection of
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ADSCs in murine models of acute alkaline corneal burns and demonstrated increased
wound healing [89].

Bone-marrow-derived mesenchymal tissue and ADSCs have been compared in several
studies in the literature. Demirayak et al. created experimental models to study the
mitigating effects of SCs on corneal scarring following penetrating injuries [90]. They
performed intracameral injections of allogeneic ADSCs in Wistar rats following induced
penetrating corneal injury. They concluded that allogeneic treatment using SCs precipitated
the regeneration of damaged cornea stroma and a reduction in subsequent scarring. Shang
et al. also assessed the impact of allogeneic ADSCs on the healing response of murine
corneas following ethanol exposure via retrobulbar injection and reported that ADSCs
were found to promote the clearance of neutrophils in the cornea during the granulation
stage [91]. This was highlighted as a key step in a cascade of events that reduced the
amount of corneal scarring in their model.

8. Therapeutic Applications of ADSCs in Retinal Diseases

ADSCs have been the topic of several studies in the literature that examine the po-
tential therapeutic options for these cells in retinal diseases. Rajashekar et al. found
that intravitreal injection of ADSCs in streptozotocin-induced diabetic rats correlated
with fewer signs of early vascular derangement characteristic of diabetic retinopathy
(DR) [77]. Safwat et al. also reported that adipose-stem-cell-derived exosomes ameliorated
characteristic retinal degeneration following intraocular and subconjunctival administra-
tion among streptozotocin-induced diabetic rabbits [92].

As with any surgical procedure, ADSC implantation has been assessed for potential
risks to the retina. Limoli et al. recorded no complications and an improvement in scotopic
electroretinographic scores following suprachoroidal grafting of mature adipocytes and
ADSCs in the stromal vascular fraction enriched with platelet-rich plasma (PRP) amongst
elderly patients with non-exudative age-related macular degeneration (AMD) [93]. This
group also reported objective parameters following the autologous transplantation of
adipocytes, ADSCs in the SVF, and platelet-rich plasma (PRP) within the suprachoroidal
space of patients with dry AMD [94]. The improved visual performance also correlated
with greater retinal thickness averages. Limoli et al. reported that the suprachoroidal
transplantation of autologous ADSCs reduced the progression of visual deficits in dry
AMD, as shown by an improvement in best-corrected visual acuity (BCVA) and logMAR
values 180 days post-treatment. A longitudinal study of visual characteristics from eight
patients showed a slight improvement in the visual function of patients with degenerative
macula disease following suprachoroidal ADSC implantation [95].

9. Future Potential for ADSCs in Retinal Diseases

Genetic and tissue engineering has been hypothesized for the treatment of DR [96]. Vi-
sion loss from advanced ischemic or late (proliferative) DR is often irreversible. Therapeutic
advantages are best seen with treatment during the earlier stages of DR [97]. Modern-
day strategies mostly recommend hyperglycemic control (as well as the control of other
vasculopathic patient-specific risk factors) during the mild and early moderate stages of
non-proliferative DR. Improving glycemic control following prolonged periods of retinal
exposure to hyperglycemic stress, however, can still cause non-reversible effects of previous
retinal microvascular damage. Laser or intravitreal treatments are usually performed when
there are signs of active DR. ADSCs have been suggested to provide protective effects
against retinal ischemic damage [98] and to retinal extracellular vesicles [99].

Rajashekar et al. proposed a strategy to regenerate the retinal vasculature and neuronal
cell integrity via intravitreal injection of ADSCs in streptozotocin-induced murine models
of early DR [100]. ADSCs were reported to integrate into retinal perivasculature and, thus,
reconstitute the blood–retinal barrier within several weeks.

It has also been postulated that the administration of autologous ADSC exosomes
to streptozotocin-induced diabetic rabbits could attenuate diabetic-retinopathy-related
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neurodegeneration and microvasculopathy via increased microRNA-222 expression [92].
Elschaer et al. subsequently concluded that intravitreal injections of either hADSC- or
adipose-SC-conditioned medium primed with cytokines yielded a reduction in vascular
permeability and an improvement in electroretinogram scores [101]. ADSCs have also
been found to mediate angiogenesis via paracrine mechanisms in retinal endothelial cells
and promote retinal regeneration in vitro [102]. ADSC-CM and paracrine factors were
associated with better visual functions post-injection in early DR Ins2Akita mouse models.

ADSCs are known to play a role in retinal and photoreceptor cell proliferation [103].
hADSCs have shown a trilineage potential to proliferate, migrate, differentiate into RPE
cells when exposed to an RPE-cell-conditioned medium [104]. Yu et al. reported that
adipose-derived mesenchymal stem cell exosomes ameliorated laser-induced retinal injury
among mice and prevented extensive photoreceptor cell damage via the downregulation of
monocyte chemotactic protein-1 [105]. Xu et al. also found that orbital ADSCs isolated via
direct explant culture showed the earlier and stronger expression of markers indicating eye
field and retinal photoreceptor differentiation than those generated by the conventional
enzyme method [106].

10. Therapeutic Potential of ADSCs in Neuro-Ophthalmology

Late-phase optic nerve disease yields profound functional limitations, which usually
tend to be irreversible [107]. ADSCs, however, may produce a paradigm shift if viable
therapies can be established. ADSCs have been reported to offer neuroprotection to retinal
ganglion cells and may promote the regeneration of axons in the optic nerve head via the
secretion of trophic “paracrine” factors [108]. ADSC exosomes possess bioactive molecules
such as microRNAs and immunoregulatory, trophic, and growth factors, which provide
pro-angiogenic effects for the possible re-vascularization of ischemic retinal or neural
tissue [109]. Faber et al. suggested that ADSCs could be administered intravitreally without
adverse consequences [110]. The results were based on clinical findings in a single patient
with non-arteritic anterior ischemic optic neuropathy (NAION). Oner et al. reported a
slight improvement in visual acuity among patients with optic atrophy following the
suprachoroidal implantation of ADSCs. This patient also showed visual field and mfERG
recording improvements after treatment [111].

Experiments based on in vivo ADSC transplantation have shown possible therapeutic
benefits in rat models with ameliorated optic nerve injury. Treatment showed signs of
inhibiting insult-induced inflammation [112,113]. The effects of ADSCs on optic nerve in-
juries have also been studied in Sprague Dawley rats. Experiments showed that an adipose
SC concentrated conditioned medium (ASC-CCM) primed with inflammatory cytokines
to induce the expression of tumor necrosis factor-stimulated protein 6 (TSG-6) improved
the retinal barrier function and reduced visual deficits via neuroglial support mecha-
nisms when injected intravitreally following mild traumatic brain injury in mice [114,115].
Jha et al. also highlighted the potential of the ADSC concentrated conditioned medium for
regulating retinal neurodegeneration following mild traumatic brain injury [116].

11. Potential Applications of Adipose Stem Cells to Periorbital and Orbital Structures

Studies have reported that ADSC therapy could be beneficial in thyroid-associated
orbitopathy [117]. It has also been suggested that insulin-like growth factor 1 has pro-
adipogenic and pro-proliferative effects on ADSCs extracted from thyroid-associated
ophthalmopathy patients via in vitro studies [118]. The topical prostaglandin analog
bimatoprost has been reported, however, to inhibit human orbital ADSCs [119].

Wu et al. reviewed the potential of iPSCs derived from autologous adipose tissue to
forge patient-specific remedies for degenerative and acquired oculoplastic diseases [120].
Lee et al. reported orbital volume augmentation following the intraorbital injection of
ADSCs in rabbits [121]. The rabbits showed an increase in the exophthalmometric value of
about 2.5 mm after three months. Li et al. induced autoimmune dacryoadenitis in rabbits
via the intravenous infusion of activated autologous peripheral blood lymphocytes. Acute
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treatment using ADSCs was attributed to the reduced expression of inflammatory markers
and increased basal tear volume [122].

12. Complications and Limitations with Intraocular ADSC Transplantation

Negative outcomes have been reported by Fuentes-Julián et al., who sought methods
to reduce the rejection of corneal grafts [123]. They injected ADSCs into the stroma at the
allograft junction in “normal-risk” transplanted rabbit corneas. The systemic intravenous
administration of ADMSCs was utilized in animals with “high-risk” allograft rejection. The
study showed exacerbated inflammation and shorter graft retention rates in treated animals.

Oner et al. administered subretinal ADSCs in a small sample of patients with advanced
retinitis pigmentosa. Post-implantation reports indicated that 54% of the study group
developed complications around the site of implantation, and 90% of the study group
reportedly showed no objective evidence of improved visual function post-therapy [124].
Kuriyan et al. also reported the loss of vision in three patients with AMD following the
intravitreal administration of autologous ADSCs [125].

Deleterious effects of in vivo exogenous mesenchymal stem cell implantation have
been reported to occur via myofibroblast proliferation around microvascular smooth muscle
cells and pericytes [126]. Findings of vitreous hemorrhage and bilateral tractional retinal
detachment were reported in a 77-year-old female with exudative macular degeneration
three weeks post-intravitreal injection of ADSCs [127].

13. A Look into the Future of Stem Cells in Ocular Surgery and Management

Cataract is one of the leading causes of avoidable visual impairment. ADSCs have
the potential to offer future management strategies. ADSC exosomes have been found to
attenuate UV-induced lenticular changes via the downregulation of cartilage acid protein-1,
CRTAC1 [128]. Zhou et al. demonstrated that autologous or allogeneic ADSCs could
integrate into trabecular meshwork (TM) cells when delivered into the anterior chambers
of murine models [129]. ADSCs could also reportedly undergo targeted differentiation into
viable TM cells in vitro. Further studies are required to understand the potential effects of
aqueous humor and in vivo myocilin proteins to induce the osteogenesis of ADSCs. This
could be of utmost importance to prevent the possible calcification of anterior chamber
structures post-intracameral injection [130]. Further research is also needed to establish
the exact mechanisms of optic neuroprotection and other postulated mechanisms of facial
nerve regeneration via MSCs [131].

The further development of strategies to advance viable neuroectodermal progenitor
cell extraction from orbital adipose tissue could broaden the range of differentiation of
ADSCs, especially regarding their integration into non-mesenchymal ocular structures.
Future studies could provide hope for the generation of viable tissues for corneal trans-
plant without rejection. Studies unfortunately have yet to isolate ADSCs from specific
orbital adipose tissue differentiated from the neural crest, from which corneal tissue also
embryologically derives.

Cytokine-primed MSCs expressing the anti-inflammatory protein TSG-6 could poten-
tially find future applications in the clinical picture of idiopathic orbital inflammatory syn-
drome. Cytokine priming has also been suggested to have a role in retinal vasculopathies
via cytokine-primed adipose stem cells’ protection against increased vascular endothelial
permeability associated with DR [132]. Exosomes of ADSCs also exhibit potential benefits
for the reversal of acute-phase ischemic retinal disease [109].

Espandar et al. suggested that hADSCs possess the capacity to differentiate into
keratocytes within the corneal stroma in animal models [74]. This holds promise for the
future development of alternative strategies in the management of visual impairment due
to significant corneal stromal opacification. The directed differentiation of hADSCs to
corneal endothelial cells may also improve the availability of replacement tissue [133,134].
ADSCs may also be useful in treating and managing other diseases and corneal conditions
and refraction [135–139].
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Limbal stem cell (LSC) insufficiency can present with severe visual deficits, including
light sensitivity and pain [140]. Human feeder ADSCs have been successfully shown to
support the growth of LSCs in vitro in cell clusters as compared to using single cells [141].
Oliva et al. reported a clinical trial of 249 patients with limbal stem cell deficiency who
were managed with oral-mucosa-derived MSCs, with an improvement seen in 52.8% of the
transplant-receiving corneas [142].

There is also promise in the use of ADSCs in managing individuals suffering from
dry eye disease. A study on canines showed that injecting ADSCs into the lacrimal glands
resulted in a significant increase in tear volume as measured by Schirmer’s test [143]. Alió
Del Barrio et al. reviewed human studies on the effect of ADSCs on corneal regeneration
and adapted the methods therein for their research [77]. They were able to achieve ADSC
differentiation into corneal endothelial cells.

14. Conclusions

In addition to their abundance, the minimally invasive approach for obtaining ADSCs
renders these cells an interesting and viable option in various treatment regimens in oph-
thalmology. The multicellular lineage of ADSCs also provides the required diversity for
ophthalmic applications. The adoption of ADSC therapies for refractory inflammatory and
degenerative eye diseases holds great promise, considering the extensive differentiation ca-
pacities and secreted paracrine factors of ADSCs. Several studies in the literature, however,
have reported the potential for unregulated cell proliferation when using these cells; thus,
future long-term results are needed to explore the possible neoplastic effects of these cells
when used for treatment. Caution is of utmost importance when considering cell-based
therapies in human subjects, especially when treatment involves invasive and/or posterior
segment delivery.
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42. Zakrzewski, W.; Dobrzyński, M.; Szymonowicz, M.; Rybak, Z. Stem cells: Past, present, and future. Stem Cell Res. 2020, 10, 68.

[CrossRef]
43. Bando, K.; Yamashita, H.; Tsumori, M.; Minoura, H.; Okumura, K.; Hattori, F. Compact automated culture machine for human

induced pluripotent stem cell maintenance and differentiation. Front. Bioeng. Biotechnol. 2022, 10, 1074990. [CrossRef] [PubMed]
44. Montagnani, S.; Rueger, M.A.; Hosoda, T.; Nurzynska, D. Adult Stem Cells in Tissue Maintenance and Regeneration. Stem Cells

Int. 2016, 2016, 7362879. [CrossRef] [PubMed]
45. Ding, D.C.; Shyu, W.C.; Lin, S.Z. Mesenchymal stem cells. Cell Transplant. 2011, 20, 5–14. [CrossRef] [PubMed]
46. Zomer, H.D.; Vidane, A.S.; Gonçalves, N.N.; Ambrósio, C.E. Mesenchymal and induced pluripotent stem cells: General insights

and clinical perspectives. Stem Cells Cloning Adv. Appl. 2015, 8, 125–134. [CrossRef]
47. Solchaga, L.A.; Penick, K.J.; Welter, J.F. Chondrogenic differentiation of bone marrow-derived mesenchymal stem cells: Tips and

tricks. Methods Mol. Biol. 2011, 698, 253–278.
48. Kim, J.; Adachi, T. Cell-fate decision of mesenchymal stem cells toward osteocyte differentiation is committed by spheroid culture.

Sci. Rep. 2021, 11, 13204. [CrossRef]
49. Szaraz, P.; Gratch, Y.S.; Iqbal, F.; Librach, C.L. In Vitro Differentiation of Human Mesenchymal Stem Cells into Functional

Cardiomyocyte-like Cells. J. Vis. Exp. JoVE 2017, 126, 55757.
50. Murray, I.R.; Péault, B. Q&A: Mesenchymal stem cells—Where do they come from and is it important? BMC Biol. 2015, 13, 99.
51. Mousaei Ghasroldasht, M.; Seok, J.; Park, H.S.; Liakath Ali, F.B.; Al-Hendy, A. Stem Cell Therapy: From Idea to Clinical Practice.

Int. J. Mol. Sci. 2022, 23, 2850. [CrossRef]
52. Howard, D.; Buttery, L.D.; Shakesheff, K.M.; Roberts, S.J. Tissue engineering: Strategies, stem cells and scaffolds. J. Anat. 2008,

213, 66–72. [CrossRef]
53. Tee, B.C.; Sun, Z. Xenogeneic mesenchymal stem cell transplantation for mandibular defect regeneration. Xenotransplantation

2020, 27, e12625. [CrossRef]
54. Rindy, L.J.; Chambers, A.R. Bone Marrow Aspiration And Biopsy. In StatPearls [Internet]; StatPearls Publishing: Treasure Island,

FL, USA, 2022.
55. Fafián-Labora, J.A.; Morente-López, M.; Arufe, M.C. Effect of aging on behaviour of mesenchymal stem cells. World J. Stem Cells

2019, 11, 337–346. [CrossRef]
56. Zupan, J.; Strazar, K.; Kocijan, R.; Nau, T.; Grillari, J.; Marolt Presen, D. Age-related alterations and senescence of mesenchymal

stromal cells: Implications for regenerative treatments of bones and joints. Mech. Ageing Dev. 2021, 198, 111539. [CrossRef]
57. Bunnell, B.A.; Flaat, M.; Gagliardi, C.; Patel, B.; Ripoll, C. Adipose-derived stem cells: Isolation, expansion and differentiation.

Methods 2008, 45, 115–120. [CrossRef]
58. Gimble, J.M.; Katz, A.J.; Bunnell, B.A. Adipose-derived stem cells for regenerative medicine. Circ. Res. 2007, 100, 1249–1260.

[CrossRef]
59. Yañez, R.; Lamana, M.L.; García-Castro, J.; Colmenero, I.; Ramírez, M.; Bueren, J.A. Adipose tissue-derived mesenchymal stem

cells have in vivo immunosuppressive properties applicable for the control of the graft-versus-host disease. Stem Cells 2006, 24,
2582–2591. [CrossRef]

60. Qi, Y.; Ma, J.; Li, S.; Liu, W. Applicability of adipose-derived mesenchymal stem cells in treatment of patients with type 2 diabetes.
Stem Cell Res. 2019, 10, 274. [CrossRef]

61. Linero, I.; Chaparro, O. Paracrine effect of mesenchymal stem cells derived from human adipose tissue in bone regeneration.
PLoS ONE 2014, 9, e107001. [CrossRef]

62. Bosco, D.B.; Roycik, M.D.; Jin, Y.; Schwartz, M.A.; Lively, T.J.; Zorio, D.A.; Sang, Q.A. A new synthetic matrix metalloproteinase
inhibitor reduces human mesenchymal stem cell adipogenesis. PLoS ONE 2017, 12, e0172925. [CrossRef]

63. Sinha, S.; Narjus-Sterba, M.; Tuomainen, K.; Kaur, S.; Seppänen-Kaijansinkko, R.; Salo, T.; Mannerström, B.; Al-Samadi, A.
Adipose-Derived Mesenchymal Stem Cells do not Affect the Invasion and Migration Potential of Oral Squamous Carcinoma
Cells. Int. J. Mol. Sci. 2020, 21, 6455. [CrossRef]

http://doi.org/10.1016/j.scr.2014.04.012
http://doi.org/10.1016/j.medj.2022.11.008
http://doi.org/10.1002/hast.1431
http://doi.org/10.1038/srep07477
http://doi.org/10.4065/mcp.2011.0054
http://doi.org/10.15283/ijsc19127
http://doi.org/10.1038/nature07406
http://doi.org/10.1186/s13287-019-1165-5
http://doi.org/10.3389/fbioe.2022.1074990
http://www.ncbi.nlm.nih.gov/pubmed/36524054
http://doi.org/10.1155/2016/7362879
http://www.ncbi.nlm.nih.gov/pubmed/26949400
http://doi.org/10.3727/096368910X
http://www.ncbi.nlm.nih.gov/pubmed/21396235
http://doi.org/10.1016/S1525-0016(16)34271-X
http://doi.org/10.1038/s41598-021-92607-z
http://doi.org/10.3390/ijms23052850
http://doi.org/10.1111/j.1469-7580.2008.00878.x
http://doi.org/10.1111/xen.12625
http://doi.org/10.4252/wjsc.v11.i6.337
http://doi.org/10.1016/j.mad.2021.111539
http://doi.org/10.1016/j.ymeth.2008.03.006
http://doi.org/10.1161/01.RES.0000265074.83288.09
http://doi.org/10.1634/stemcells.2006-0228
http://doi.org/10.1186/s13287-019-1362-2
http://doi.org/10.1371/journal.pone.0107001
http://doi.org/10.1371/journal.pone.0172925
http://doi.org/10.3390/ijms21186455


Clin. Pract. 2023, 13 242

64. Tobita, M.; Tajima, S.; Mizuno, H. Adipose tissue-derived mesenchymal stem cells and platelet-rich plasma: Stem cell transplanta-
tion methods that enhance stemness. Stem Cell Res. 2015, 6, 1–7. [CrossRef] [PubMed]

65. Bai, L.; Lennon, D.P.; Caplan, A.I.; DeChant, A.; Hecker, J.; Kranso, J.; Zaremba, A.; Miller, R.H. Hepatocyte growth factor
mediates mesenchymal stem cell–induced recovery in multiple sclerosis models. Nat. Neurosci. 2012, 15, 862–870. [CrossRef]
[PubMed]

66. Xu, C.; Yu, P.; Han, X.; Du, L.; Gan, J.; Wang, Y.; Shi, Y. TGF-β promotes immune responses in the presence of mesenchymal stem
cells. J. Immunol. 2014, 192, 103–109. [CrossRef] [PubMed]

67. Nandi Jui, B.; Sarsenbayeva, A.; Jernow, H.; Hetty, S.; Pereira, M.J. Evaluation of RNA Isolation Methods in Human Adipose
Tissue. Lab. Med. 2022, 53, e129–e133. [CrossRef] [PubMed]

68. Chen, S.Y.; Mahabole, M.; Horesh, E.; Wester, S.; Goldberg, J.L.; Tseng, S.C. Isolation and characterization of mesenchymal
progenitor cells from human orbital adipose tissue. Investig. Ophthalmol. 2014, 55, 4842–4852. [CrossRef]

69. Barzelay, A.; Levy, R.; Kohn, E.; Sella, M.; Shani, N.; Meilik, B.; Entin-Meer, M.; Gur, E.; Loewenstein, A.; Barak, A. Power-Assisted
Liposuction Versus Tissue Resection for the Isolation of Adipose Tissue-Derived Mesenchymal Stem Cells: Phenotype, Senescence,
and Multipotency at Advanced Passages. Aesthetic Surg. J. 2015, 35, NP230–NP240. [CrossRef]

70. Page, M.J.; McKenzie, J.E.; Bossuyt, P.M.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, J.M.; Akl, E.A.;
Brennan, S.E.; et al. The PRISMA 2020 statement: An updated guideline for reporting systematic reviews. Syst. Rev. 2021, 10, 89.
[CrossRef]

71. El Zarif, M.; Alió Del Barrio, J.L.; Arnalich-Montiel, F.; De Miguel, M.P.; Makdissy, N.; Alió, J.L. Corneal Stroma Regeneration:
New Approach for the Treatment of Cornea Disease. Asia Pac. J. Ophthalmol. 2020, 9, 571–579. [CrossRef]

72. Alió Del Barrio, J.L.; De la Mata, A.; De Miguel, M.P.; Arnalich-Montiel, F.; Nieto-Miguel, T.; El Zarif, M.; Cadenas-Martín, M.;
López-Paniagua, M.; Galindo, S.; Calonge, M.; et al. Corneal Regeneration Using Adipose-Derived Mesenchymal Stem Cells.
Cells 2022, 11, 2549. [CrossRef]

73. Sun, P.; Shen, L.; Zhang, C.; Du, L.; Wu, X. Promoting the expansion and function of human corneal endothelial cells with an
orbital adipose-derived stem cell-conditioned medium. Stem Cell Res. 2017, 8, 287. [CrossRef]

74. Espandar, L.; Bunnell, B.; Wang, G.Y.; Gregory, P.; McBride, C.; Moshirfar, M. Adipose-derived stem cells on hyaluronic
acid-derived scaffold: A new horizon in bioengineered cornea. Arch. Ophthalmol. 2012, 130, 202–208. [CrossRef]

75. Shen, T.; Zheng, Q.Q.; Shen, J.; Li, Q.S.; Song, X.H.; Luo, H.B.; Hong, C.Y.; Yao, K. Effects of Adipose-derived Mesenchymal
Stem Cell Exosomes on Corneal Stromal Fibroblast Viability and Extracellular Matrix Synthesis. Chin. Med. J. 2018, 131, 704–712.
[CrossRef]

76. Lee, Y.C.; Sun, L.Y.; Zhang, J.R. Protective effects of low-molecular-weight components of adipose stem cell-derived conditioned
medium on dry eye syndrome in mice. Sci. Rep. 2021, 11, 1–12. [CrossRef]

77. Espandar, L.; Caldwell, D.; Watson, R.; Blanco-Mezquita, T.; Zhang, S.; Bunnell, B. Application of adipose-derived stem cells on
scleral contact lens carrier in an animal model of severe acute alkaline burn. Eye 2014, 40, 243–247. [CrossRef]

78. Lin, H.F.; Lai, Y.C.; Tai, C.F.; Tsai, J.L.; Hsu, H.C.; Hsu, R.F.; Lu, S.N.; Feng, N.H.; Chai, C.Y.; Lee, C.H. Effects of cultured human
adipose-derived stem cells transplantation on rabbit cornea regeneration after alkaline chemical burn. Kaohsiung J. Med. Sci. 2013,
29, 14–18. [CrossRef]

79. Zeppieri, M.; Salvetat, M.L.; Beltrami, A.P.; Cesselli, D.; Bergamin, N.; Russo, R.; Cavaliere, F.; Varano, G.P.; Alcalde, I.;
Merayo, J.; et al. Human adipose-derived stem cells for the treatment of chemically burned rat cornea: Preliminary results. Curr.
Eye Res. 2013, 38, 451–463. [CrossRef]

80. Nicholas, M.P.; Mysore, N. Corneal neovascularization. Exp. Eye Res. 2021, 202, 108363. [CrossRef]
81. Shibata, S.; Hayashi, R.; Okubo, T.; Kudo, Y.; Baba, K.; Honma, Y.; Nishida, K. The secretome of adipose-derived mesenchymal

stem cells attenuates epithelial-mesenchymal transition in human corneal epithelium. Regen. Ther. 2019, 11, 114–122. [CrossRef]
82. Pirounides, D.; Komnenou, A.; Papaioannou, N.; Gounari, E.; Stylianaki, I.; Alexandridis, A.; Chranioti, A.; Kofidou, E.;

Koliakos, G.; Karampatakis, V. The Antiangiogenic Properties of Adipose-Derived Mesenchymal Stem/Stromal Cells in Corneal
Neovascularization in a Rabbit Model. Med. Hypothesis Discov. 2020, 9, 74–84.

83. Shen, T.; Zheng, Q.; Luo, H.; Li, X.; Chen, Z.; Song, Z.; Zhou, G.; Hong, C. Exosomal miR-19a from adipose-derived stem cells
suppresses differentiation of corneal keratocytes into myofibroblasts. Aging 2020, 12, 4093–4110. [CrossRef]

84. Ma, X.Y.; Bao, H.J.; Cui, L.; Zou, J. The graft of autologous adipose-derived stem cells in the corneal stromal after mechanic
damage. PLoS ONE 2013, 8, e76103. [CrossRef] [PubMed]

85. Zeppieri, M.; Salvetat, M.L.; Beltrami, A.; Cesselli, D.; Russo, R.; Alcalde, I.; Merayo-Lloves, J.; Brusini, P.; Parodi, P.C. Adipose
Derived Stem Cells for Corneal Wound Healing after Laser Induced Corneal Lesions in Mice. J. Clin. Med. 2017, 6, 115. [CrossRef]
[PubMed]

86. Qiu, T.; Cui, L.; Xu, J.J.; Hong, J.X.; Xiang, J. Reconstruction of the ocular surface by autologous transplantation of rabbit adipose
tissue-derived stem cells on amniotic membrane. Ann. Transl. Med. 2020, 8, 1062. [CrossRef] [PubMed]

87. Park, G.W.; Heo, J.; Kang, J.Y.; Yang, J.W.; Kim, J.S.; Kwon, K.D.; Yu, B.C.; Lee, S.J. Topical cell-free conditioned media harvested
from adipose tissue-derived stem cells promote recovery from corneal epithelial defects caused by chemical burns. Sci. Rep. 2020,
10, 1–15. [CrossRef]

http://doi.org/10.1186/s13287-015-0217-8
http://www.ncbi.nlm.nih.gov/pubmed/26541973
http://doi.org/10.1038/nn.3109
http://www.ncbi.nlm.nih.gov/pubmed/22610068
http://doi.org/10.4049/jimmunol.1302164
http://www.ncbi.nlm.nih.gov/pubmed/24293629
http://doi.org/10.1093/labmed/lmab126
http://www.ncbi.nlm.nih.gov/pubmed/35150274
http://doi.org/10.1167/iovs.14-14441
http://doi.org/10.1093/asj/sjv055
http://doi.org/10.1186/s13643-021-01626-4
http://doi.org/10.1097/APO.0000000000000337
http://doi.org/10.3390/cells11162549
http://doi.org/10.1186/s13287-017-0737-5
http://doi.org/10.1001/archopthalmol.2011.1398
http://doi.org/10.4103/0366-6999.226889
http://doi.org/10.1038/s41598-021-01503-z
http://doi.org/10.1097/ICL.0000000000000045
http://doi.org/10.1016/j.kjms.2012.08.002
http://doi.org/10.3109/02713683.2012.763100
http://doi.org/10.1016/j.exer.2020.108363
http://doi.org/10.1016/j.reth.2019.06.005
http://doi.org/10.18632/aging.102802
http://doi.org/10.1371/journal.pone.0076103
http://www.ncbi.nlm.nih.gov/pubmed/24098428
http://doi.org/10.3390/jcm6120115
http://www.ncbi.nlm.nih.gov/pubmed/29206194
http://doi.org/10.21037/atm-20-4368
http://www.ncbi.nlm.nih.gov/pubmed/33145281
http://doi.org/10.1038/s41598-020-69020-z


Clin. Pract. 2023, 13 243

88. Shadmani, A.; Razmkhah, M.; Jalalpoor, M.H.; Lari, S.Y.; Eghtedari, M. Autologous Activated Omental versus Allogeneic Adipose
Tissue-Derived Mesenchymal Stem Cells in Corneal Alkaline Injury: An Experimental Study. J. Curr. Ophthalmol. 2021, 33,
136–142.

89. Dinç, E.; Dursun, Ö.; Yilmaz, G.; Kurt, A.H.; Ayaz, L.; Vatansever, M.; Özer, Ö.; Yilmaz, Ş.N. Evaluation of Anti-Inflammatory and
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