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Nerve influence on the metabolism
of type | and type Il diabetic corneal
stroma: an in vitro study
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Corneal innervation plays a major role in the pathobiology of diabetic corneal disease. However,
innervation impact has mainly been investigated in the context of diabetic epitheliopathy and wound
healing. Further studies are warranted in the corneal stroma-nerve interactions. This study unravels
the nerve influence on corneal stroma metabolism. Corneal stromal cells were isolated from healthy
(HCFs) and diabetes mellitus (TypelDM and Type2 DM) donors. Cells were cultured on polycarbonate
membranes, stimulated by stable Vitamin C, and stroma-only and stroma-nerve co-cultures were
investigated for metabolic alterations. Innervated compared to stroma-only constructs exhibited
significant alterations in pyrimidine, glycerol phosphate shuttle, electron transport chain and
glycolysis. The most highly altered metabolites between healthy and TIDMs innervated were
phosphatidylethanolamine biosynthesis, and pyrimidine, methionine, aspartate metabolism. Healthy
and T2DMs main pathways included aspartate, glycerol phosphate shuttle, electron transport chain,
and gluconeogenesis. The metabolic impact on TIDMs and T2DMs was pyrimidine, purine, aspartate,
and methionine. Interestingly, the glucose-6-phosphate and oxaloacetate was higher in T2DMs
compared to TIDMs. Our in vitro co-culture model allows the examination of key metabolic pathways
corresponding to corneal innervation in the diabetic stroma. These novel findings can pave the way for
future studies to fully understand the metabolic distinctions in the diabetic cornea.

Diabetes mellitus (DM) is a systemic, metabolic disease that is one of the most significant clinical burdens today,
well known for its high comorbidity'~>. The current diabetic population is over 34 million in the United States,
significantly affecting societal wellbeing both physically and financially*. The most prevalent subgroups are Type
1DM (T1DM) and Type 2DM (T2DM), comprising most of the diabetic population in the U.S. T1DM is charac-
terized by low insulin production due to autoimmune destruction of pancreatic B cells, while T2DM is a cellular
state of insulin resistance due to prolonged exposure to hyperglycemia. Without the activity of insulin to help
signal the body to metabolize glucose properly, glucose build-up leads to an intracellular switch in energy pro-
duction, resulting in an inherently dysfunctional metabolic profile®. Not only does glucose metabolism become
dysfunctional, but many metabolic pathways, including amino acid and fatty acid metabolism are known to be
associated with insulin resistance®. Interestingly, both T1IDM and T2DM exhibit similar clinical complications,
despite their cellular and molecular differences.

In the context of the human eye, DM is known to affect the cornea, a condition termed diabetic keratopathy,
with patients experiencing spontaneous epithelial lesions, neuronal degeneration, reduced sensitivity, slow wound
healing, hazy vision (i.e. scarring), and dry eye’~°. DM-related corneal complications can ultimately lead to vision
loss, severely impacting quality of life for the patient. With such complications in both TIDM and T2DM patients
and up to 70% of the diabetic population experiencing mild to severe diabetic keratopathy symptoms, there is a
strong drive to better understand the pathophysiology of the disease®.

The cornea is a rather unique tissue, with complex structure and hierarchy to maintain its homeostasis. The
cornea is avascular, with nutrients and regulatory molecules delivered via the tear film, aqueous humor, and/or
resident cells. The corneal stroma (the largest/thickest layer of the cornea) is composed of a highly organized
collagenous extracellular matrix (ECM), secreted by resident keratocytes'!. Sensory neurons stretch centripetally
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through the stroma and penetrate up into the epithelial layer, providing the sensitivity necessary to protect the
eye. Nerve degeneration of these sensory neurons is among one of the first-appearing manifestations of diabetic
keratopathy/neuropathy, while other symptoms, such as epithelial dysfunction, lesions and corneal scarring, often
present later'>!*. The stroma is known to play a role in the corneal scarring and edema, which can become severe
and threaten vision acuity'*. The reduced innervation and sensitivity in the diabetic cornea, in combination with
the scarring and abnormal ECM composition that can take place, suggests that there is crosstalk between these
two resident cell types. Corneal stromal fibroblasts have been found to express mRNA for the NGF receptor;
furthermore, NGF levels are increased during the wound healing process, indicating a crosstalk between the
neurons may play a role in the promotion of proper ECM production by the fibroblasts'®. In an in vivo model of
tissue repair, Wang et al.!® found that extracellular matrix production is improved when peripheral neurons are
added to a fibroblast culture'®. Despite this evidence that neurons impact the activity of fibroblasts, their impact
on one another has sparsely been investigated in the cornea. The relationship and crosstalk between the corneal
nerves and the stromal layer is not well understood, both in the context of diabetic keratopathy/neuropathy and
in corneal pathobiology, in general.

Our group has previously shown that the human diabetic cornea possess a markedly different metabolic
profile, when compared to healthy counterparts'’, remarkably maintaining the diabetic phenotype (i.e. memory)
in vitro'*', Herein, we aim to investigate how nerves contribute to, or impact, the metabolic function of the
corneal stroma microenvironment and unravel their interactions utilizing our established innervated in vitro
3D co-culture model.

Methods

Ethical approval and informed consent. The study was performed with the Institutional Review
Board (IRB) approval from the University of Oklahoma Health Sciences Center (protocol #3450). Written and
informed consent was obtained prior to tissue collection, all methods were performed in accordance with federal
and institutional guidelines and all human samples were de-identified prior to analysis. This research adhered to
the tenets of the Declaration of Helsinki.

Cellisolation and culture. Human corneal fibroblasts were isolated from donor corneas of healthy, TIDM
and T2DM individuals. The corneas were lightly scraped on both sides, to remove endothelium and epithelium,
cut into approximately Imm? pieces, and maintained in Eagle’s Minimum Essential Medium (EMEM: ATCC;
Manassas, VA), 10% fetal bovine serum (FBS: Atlantic Biological’s; Lawrenceville, CA), and 1% antibiotic-anti-
mycotic (AA: Gibco, Life Technologies; Carlsbad, Ca) at 37 °C to promote cell expansion. Upon cell expan-
sion, corneal explants were removed, and fibroblasts were collected and further sub-cultured (EMEM, 10% FBS,
1% AA). Fibroblasts used for experiments were between passages 3-7. The SH-SY5Y neuroblastoma cell line
(Sigma-Aldrich; St. Louis, MO) was sub-cultured in the same culture conditions as the fibroblasts (EMEM, 10%
FBS, 1% AA), prior to utilization in co-cultures.

3D in vitro constructs. Non-innervated constructs were grown as previously described'. Fibroblasts
from healthy, TIDM, and T2DM corneas were seeded onto 0.4 mm polycarbonate membranes at a density of
1x10° cells per well (EMEM, 10% FBS, 1% AA). The following day, cells were stimulated with 0.5 mM VitC
(ascorbic acid) to promote endogenous secretion of ECM. Medium was refreshed in both the top and bottom
wells three times a week for 4 weeks.

3D invitro innervated constructs. Stroma-nerve co-cultures were grown as previously described'®. Cul-
tures were maintained for 3 weeks as described above in medium supplemented with VitC in both the top and
bottom wells. At the start of week 4, SH-SY5Y neuroblastoma cells were seeded into the top well directly onto
the constructs at a density of 500,000 cells per well. The bottom well was maintained in VitC medium to continue
to promote ECM secretion. The following day, the top well was stimulated with 10 uM retinoic acid to induce
neuronal differentiation for 5 days (EMEM, 1% FBS, 1% AA, 10 uM RA), and then switched to 2 nM BDNF for
48 h in serum-free medium (EMEM, 1% AA, 2nM BDNF). At the 4-week time point, constructs were processed
for metabolomics.

Experimental groups. A total of six different conditions were analyzed. Defined groups consisted of
non-innervated healthy (HCF), TIDM and T2DMs, and innervated healthy (HCF-N), TIDM (T1DM-N) and
T2DMs (T2DM-N). Grouping for analysis was predetermined and conducted between (1) innervated cultures
and their respective control separately (HCF vs. HCF-N, T1DM vs. TIDM-N, T2DM vs. T2DM-N), (2) between
the innervated constructs of each cell type (HCF-N vs. TIDM-N vs. T2DM-N), and (3) between the innervated
constructs of the diabetics (T1IDM-N vs. T2DM-N).

Metabolite extraction. Metabolites were extracted following a previously established protocol'. 3D con-
structs were washed twice with DPBS, and then incubated at —80°C in 80% methanol for 20 min. The samples
were centrifuged at 13,500¢ and further disrupted with vortexing in 80% methanol. This process was repeated
three times. Supernatants were collected and lyophilized until completely dry to produce a small metabolite
pellet, which were then re-suspended in HPLC-grade water. These samples were injected and analyzed using a
hybrid 5500 QTRAP triple quadrupole mass spectrometer (AB/SCIEX) coupled to a Prominence UFLC system
(Shimadzu) using an Amide HILIC column (Waters), armed with a selected reaction monitoring (SRM) with
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Figure 1. Summary of metabolic impact of neuronal presence in HCFs, TIDMs, T2DMs. A total of 269
metabolites were analyzed via one-way ANOVA on Metaboanalyst. Individual t tests were utilized for the 6
comparisons listed above: HCF/HCF-N, T1D/T1DM-N, T2D/T2DM-N, HCE-N/T1DM-N, HCF-N/T2DM-N,
T1DM-N/T2DM-N. Only metabolites that reached a 2-fold change and a significance of p <0.05 were deemed
significant. All samples analyzed for metabolites had a n=3-4.

positive/negative polarity switching. Peak areas from the total ion current were integrated using MultiQuant v2.1
software (AB/SCIEX). Integrated peak intensities represented relative metabolite abundance.

Statistical analysis. All metabolites were analyzed using Metaboanalyst, Excel, and GraphPad PRISM 8.
Metaboanalyst was utilized for enrichment and pathway analysis. Excel analysis was utilized to determine a
2-fold differential in metabolites expression, as well as those that exhibited significance of p <0.05 among groups.
Metabolites that passed the “2-fold” cut-off were analyzed on GraphPad PRISM 8 for statistical significance.
Measurements were taken in triplicate, with 3-4 technical replicates per donor type. Student’s t test and ANOVA
were utilized, when necessary.

Results

Metabolic impact of neuronal presence in healthy and diabetic constructs. To understand how
the addition of neurons impacted the metabolic profile of the 3D constructs for each condition, three different
groups were compared: (a) HCF vs. HCE-N, (b) TIDM vs. TIDM-N, and (c) T2DM vs. T2DM-N. Out of 269
metabolites analyzed, the number of metabolites that reached both a 2-fold change in concentration and a signif-
icance of p <0.05, as a result of the introduction of neurons into the system, was 13, 25, and 33 for HCF, TIDM,
and T2DM constructs, respectively (Fig. 1). 6 metabolites were either upregulated or downregulated across all
three conditions, 3 were shared between the healthy and T1DM, 1 shared between the healthy and T2DM, and
7 were shared between the TIDM and T2DM (Fig. 2a). In a Metaboanalyst pathway analysis of all metabolites
altered within each condition separately, the results revealed similarities between the T1IDM and T2DM, as the
top four most highly affected pathways were the same. The top four pathways for both TIDM and T2DM groups
were pyrimidine metabolism (p=0.00975 for TIDM, p=0.000266 for T2DM), purine metabolism (p=0.0247,
p=0.00024), aspartate metabolism (p=0.0453, p=0.0036) and methionine metabolism (p=0.755, p=0.00154).
When healthy constructs were analyzed relative to their innervated counterparts, they also exhibited significant
alterations in pyrimidine metabolism (p=0.0344), as well as the glycerol phosphate shuttle (p=0.00768), the
electron transport chain (p=0.0225) and glycolysis pathway (p=0.0379) (Fig. 2b). The metabolites common
between the TIDM and T2DM constructs include 1-methylhistidine, adenosine, adenosine monophosphate,
deoxycytidine monophosphate, deoxycytidine triphosphate, myoinositol, and octulose 8-phosphate (Fig. 2c).
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Figure 2. The effect of neurons on metabolism. Representative Venn diagrams of (a) the number of shared
metabolites that were altered following neuron addition, and (b) the top four most significantly altered pathways
for each cell type following neuron addition. (c) Graph exhibiting all metabolites significantly altered in both the
diabetic constructs and not the healthy, following neuron addition. n=3-4, student’s t test, p: *<0.05; **<0.01;
$*<0.001; **<0.0001.

A detailed list on the contributing metabolites to the determination of these pathways can be found in the sup-
plemental data (Supplemental Table 1).

T1DMs and T2DMs exhibit significant alterations in key energy production metabolic pro-
cesses. Further analysis was conducted between the innervated constructs to determine key metabolic dif-
ferences between the healthy and diabetics. In total, 125 metabolites were determined to be significantly altered
between the healthy and diabetic innervated cultures (Fig. 3A; Supplemental Table 2). Pathway analysis (Fig. 3B)
revealed that the most highly altered metabolites between the healthy and T1DM innervated constructs fell
within the metabolic pathways of phosphatidylethanolamine biosynthesis (p=0.00652), pyrimidine metabo-
lism (p=0.0124), methionine metabolism (p=0.0025), and aspartate metabolism (p=0.00538). For the healthy
and T2DM constructs (Fig. 3F), the top four pathways also included aspartate metabolism (p=0.00538), as
well as glycerol phosphate shuttle (p=0.00501), electron transport chain (p=0.00308), and the gluconeogenesis
pathway (p=0.00538). A total of 14 metabolites that reached significance were shared between both diabetic
constructs relative to the healthy (Fig. 3C, D). In contrast, the number of metabolites uniquely altered between
the healthy and T1DM constructs was 21, with the majority upregulated in the T1IDM (Fig. 3C, E). The number
of metabolites between the healthy and T2DM was 22; interestingly, the majority were downregulated in the
T2DM (Fig. 3C, F).

T2DMs exhibit decreased capacity for glucose metabolism relative to TLDM.  In order to further
elucidate key distinctions between the metabolic profiles of TIDM and T2DM corneal pathophysiology, we
conducted enrichment and pathway analyses between the innervated TIDM and T2DM constructs. In total, 61
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Figure 3. The differences between the diabetic innervated constructs from the healthy. (A) Heat map
representing all significant metabolites found between the healthy, TIDM and T2DM innervated constructs, as
determined by one-way ANOVA on Metaboanalyst. (B) The top 4 pathways most significantly altered between
the TIDM innervated constructs and the healthy, and the T2DM innervated constructs and the healthy. (C) The
number of metabolites altered in the TIDM and T2DM innervated constructs when compared to the healthy.
(D-F) graphs exhibiting (D) metabolites altered in both TIDM and T2DM innervated constructs, (E) those of
the T1DM innervated constructs, and (F) those of the T2DM innervated constructs. n=3-4, student’s t test, p:
*<0.05; **<0.01; ***<0.001; ****<0.0001.

metabolites were found to be significantly altered between the two disease types, with 83% of them at lower levels
in the T2DM constructs than the TIDM (Fig. 4A). The top four pathways that these metabolites fell under were
generally associated with glucose metabolism, including gluconeogenesis (p=0.00251), glycolysis (p=0.0109),
the Warburg effect (p=0.0133), as well as aspartate metabolism (p=0.0144) (Fig. 4A). Interestingly, the T2DM
cultures exhibited decreased levels of metabolites associated with glucose metabolism, with the exception of
glucose-6-phosphate and oxaloacetate, which were found to be higher in the T2DM than the TIDM (Fig. 4B).
The diagram in Fig. 4C indicates the position of the contributing metabolites in relevant pathways, including
gluconeogenesis, glycolysis, the Krebs cycle and the pentose phosphate pathway.

Discussion

DM is a multifactorial systemic disease that remains difficult to manage by therapeutic intervention due to a
complex and elusive pathophysiology that has resulted from prolonged elevated blood glucose levels?®. DM can
generally be characterized by a reduction in insulin signaling at the cellular level, causing dysfunctional glucose
metabolism?!. Cellular metabolism is highly sensitive to changes and its coordination is dependent upon a well-
balanced system, so a dysfunctional glucose metabolism can disrupt numerous metabolic pathways, including
lipid and amino acid metabolism?*?. These changes, when occurred, can lead to large scale systemic patholo-
gies including hyperglycemia and hyperlipidemia, which only perpetuates a cyclical pathogenesis and further
exacerbates the symptoms. Moreover, these metabolic pathways continue to be implicated in the development
and onset of T2DM, and they are considered to contribute strongly to the many different systemic pathologies
that occur, including diabetic retinopathy, nephropathy, and keratopathy®*+2>.
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Figure 4. (A) The top four pathways altered between TIDM and T2DM innervated constructs. (B) graph of
the relative concentration of metabolites found in the top 4 most significant pathways of T2DM and T1DM
innervated constructs. (C) Representative diagram of significant metabolites (indicated in blue stars) on

the main pathways involved in glucose metabolism. n=3-4, student’s t test, p: *<0.05; **<0.01; ***<0.001;
P<0.0001.

Diabetic keratopathy is a common secondary pathology of DM and presented clinically as spontaneous cor-
neal lesions, stromal edema and clouding, epithelial fragility, neuronal degeneration, and reduced/slow wound
healing, with patients having a higher risk of post-operative complications’. A strong suspect to be causing
these complications is reduced corneal innervation, which has been heavily documented". One of the stromal
abnormalities that occurs in the diabetic cornea is stiffening, believed to be a result of fibrotic ECM secretion'”.
There is a relationship between neuron and stromal fibroblast activity“’, and as a disease of metabolic nature,
we investigated how our co-culture of these cell types can affect metabolic activity, and how this could vary in
diabetic cells. Metabolic reprogramming is a process that occurs upon fibroblast activation®®, and these abnor-
malities in ECM secretion have been linked to mitochondrial dysfunction®.

Our 3D self-secreted ECM innervated corneal model utilizes stromal fibroblasts from human diabetic donors,
onto which we culture differentiated sensory neurons from the SH-SY5Y cell line to replicate the native inner-
vated corneal stroma. With this model, we have been able to study how the neurons relate to the metabolic
function of the diabetic stroma, and how the diabetic stroma differs metabolically from a healthy stroma. Specifi-
cally, we have utilized this model to elucidate key metabolic differences of TIDMs and T2DMs, from HCFs, by
identifying differentially expressed metabolites and the metabolic pathways in which these are produced. To our
knowledge, we are the first group to utilize metabolomics to investigate the diabetic corneal stroma and dissect
the interplay/interactions with the neurons. Metabolomics has become a more common application in diabetic
studies®*3°, often for the identification of early metabolic alterations that occur during the development of T2DM,;
however, here we have used the analytic technique in the context of diabetic keratopathy. Our data shows that
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the addition of neurons to diabetic stroma ECMs resulted in a markedly different shift in metabolism than when
added to healthy stroma ECM. Specifically, the addition of neurons to the healthy constructs supported basic
energy production pathways, including glycolysis, the glucose phosphate shuttle, and the electron transport chain.
On the other hand, neuron addition to the diabetic constructs upregulated metabolites associated with amino
acid and nucleic acid metabolic pathways, including methionine, aspartate, and purine metabolism. Purines are
utilized in many different biochemical processes, including cellular metabolism and signal transduction®!, and
can therefore impact many different functions of the cell. The metabolites contributing to the observed change
in purine metabolism are found to be both up- and down-regulated (see Supplemental Table 1), indicating that
a more complex interplay is occurring within the cell, other than a simple up- or down-regulation. A metabolite
of note is myoinositol, which was upregulated in both the TIDM and T2DM constructs. This metabolite was
also found to be upregulated by neuron addition in both T1IDMs and T2DMs, but not the healthy constructs.
Myoinositol has been implicated in the promotion of insulin signaling®, and has been found at elevated levels
in diabetic urine®. Our data could support that myoinositol dysregulation in DM is related to the neuronal
dysfunction that occurs in diabetic keratopathy. Furthermore, these data suggest that neuron interaction within
the diabetic stroma is defined by a markedly different profile from the healthy stroma-neuronal crosstalk, in the
context of biosynthetic metabolic pathways.

Dysfunction in amino acid metabolism has been documented in T2DM?**** and abnormal levels of both
branch chain and aromatic amino acids have been found in the plasma of TIDM and T2DM patients®. Since
our study focuses on cell-cell interactions and metabolite modulation within the tissues rather than those found
in circulation, this could account for possible differences in the types of amino acids found. Interestingly, while
the addition of neurons activated similar pathways in both TIDMs and T2DMs, a comparison of the innervated
diabetic constructs to the healthy innervated constructs showed that several pathways are unique for TIDMs
and T2DMs. While the T1DM innervated constructs exhibited an upregulation in biosynthetic amino acid and
phospholipid pathways compared to the healthy, the T2DMs exhibited decreased levels of amino acids arginine
and glutathione (Fig. 3D).

Oxidative stress is known to contribute to the T2DM pathophysiology**, and arginine and glutathione have
been found to reduce oxidative stress in an experimental model®. Therefore, our results may suggest that the
T2DM constructs experience increased levels of oxidative stress as a result of decreased levels of arginine and
glutathione. T1IDMs showed upregulated metabolites normally found in more biosynthetic pathways, including
those for phospholipids and amino acids, while the most highly differentially expressed metabolites between
the T2DM and healthy are those of energy-producing pathways. Specifically, the majority of these metabolites
were downregulated, suggesting that T2DMs have a less sufficient ATP production system than HCFs. Despite
the differences found between T1DMs and T2DMs, they did exhibit some metabolites that were expressed in
similar patterns, supporting that there is some commonality among their metabolic profiles. We found 9 of the
13 significantly modulated metabolites between the innervated T1IDMs and T2DMs were found in main ATP
producing pathways, mostly related to the glycolysis pathway. Furthermore, most of these metabolites were
downregulated in T2DMs, with the exception of glucose-6-phosphate and oxaloacetate. This suggests that while
both diseases possess a similar dysfunction in their capacity for glucose metabolism, as exhibited by their lack of
proper insulin signaling, the specific biochemical processes within the cell related to glucose metabolism differ
between the two disease states.

DM is a disease of a dysfunctional metabolism, and metabolomics can provide great insight into the specific
biomolecular events that occur within the cells and tissues as a result of the disease. Our study utilizes metabo-
lomics to delineate the impact of corneal innervation on the metabolic function of the diabetic corneal stroma,
as well as to understand differences in the metabolism between T1DMs and T2DMs. In fact, the differences
between T1DM and T2DM in the context of the corneal pathobiology are often ignored or not examined. Our
in vitro 3D co-culture model comprised of native corneal stromal cells and SH-SY5Y sensory neurons allows for
detection of molecular changes, and can provide critical insights into long-lasting metabolic defects as a result of
DM. Consequently, this could also mask metabolic alterations that occur in real-time due to the in vivo diabetic
environment, and due to these limitations of the current model, studies conducted within a hyperglycemic and
hyperlipidemic in vitro setting are warranted. Our studies herein provide a first insight into the relationship
between corneal innervation and the metabolic pathophysiology of the diabetic corneal stroma and provide the
basis for future metabolic studies within the cornea.

Received: 26 March 2021; Accepted: 15 June 2021
Published online: 01 July 2021

References
1. Cheung, N., Mitchell, P. & Wong, T. Y. Diabetic retinopathy. Lancet 376(9735), 124-36 (2010).
2. Dhatariya, K. K. & Vellanki, P. Treatment of diabetic ketoacidosis (DKA)/hyperglycemic hyperosmolar state (HHS): Novel advances
in the management of hyperglycemic crises (UK versus USA). Curr. Diab. Rep 17(5), 33 (2017).

. Murtaza, G. et al. Diabetic cardiomyopathy—A comprehensive updated review. Prog. Cardiovasc. Dis 62(4), 315-326 (2019).

. Wenya Y, et al. Economic costs of diabetes in the U.S. in 2017. Diabetes Care 41(5), 917-928 (2018).

. Forbes, J. M. & Cooper, M. E. Mechanisms of diabetic complications. Physiol. Rev. 93(1), 137-88 (2013).

. Yang, Q., Vijayakumar, A. & Kahn, B. B. Metabolites as regulators of insulin sensitivity and metabolism. Nat. Rev. Mol. Cell. Biol.
19(10), 654-672 (2018).

. Ljubimov, A. V. Diabetic complications in the cornea. Vis. Res. 139, 138-152 (2017).

8. Misra, S. L., Braatvedt, G. D. & Patel, D. V. Impact of diabetes mellitus on the ocular surface: A review. Clin. Exp. Ophthalmol.

44(4), 278-88 (2016).
9. Priyadarsini, S. et al. Diabetic keratopathy: Insights and challenges. Surv. Ophthalmol. 65(5), 513-529 (2020).

AU W

~

Scientific Reports|  (2021)11:13627 | https://doi.org/10.1038/s41598-021-93164-1 nature portfolio



www.nature.com/scientificreports/

10.
11.

12.
13.
14.
15.
16.
17.
18.

19.

28.
29.
. Arneth, B., Arneth, R. & Shams, M. Metabolomics of type 1 and type 2 diabetes. Int. ]. Mol. Sci. 20(10), 2467 (2019).
o
33.
34.

35.

Del Buey, M. A. et al. An update on corneal biomechanics and architecture in diabetes. J. Ophthalmol. 2019, 7645352 (2019).
Chen, S., Mienaltowski, M. J. & Birk, D. E. Regulation of corneal stroma extracellular matrix assembly. Exp. Eye Res. 133, 69-80
(2015).

Bikbova, G. et al. Neuronal changes in the diabetic cornea: Perspectives for neuroprotection. Biomed. Res. Int. 2016, 5140823
(2016).

Markoulli, M. et al. The impact of diabetes on corneal nerve morphology and ocular surface integrity. Ocul. Surf. 16(1), 45-57
(2018).

Priyadarsini, S. et al. Establishment of a 3D in vitro model to accelerate the development of human therapies against corneal
diabetes. PLoS One 11(12), 0168845 (2016).

Lambiase, A. et al. Nerve growth factor promotes corneal healing: Structural, biochemical, and molecular analyses of rat and
human corneas. Invest. Ophthalmol. Vis. Sci. 41(5), 1063-9 (2000).

Wang, Y. et al. The effect of co-transplantation of nerve fibroblasts and Schwann cells on peripheral nerve repair. Int. J. Biol. Sci.
13(12), 15071519 (2017).

Priyadarsini, S. et al. Complete metabolome and lipidome analysis reveals novel biomarkers in the human diabetic corneal stroma.
Exp. Eye Res. 153, 90-100 (2016).

Sharif, R. et al. Corneal tissue engineering: An in vitro model of the stromal-nerve interactions of the human cornea. J. Vis. Exp.
https://doi.org/10.3791/56308 (2018).

Yuan, M. et al. A positive/negative ion-switching, targeted mass spectrometry-based metabolomics platform for bodily fluids,
cells, and fresh and fixed tissue. Nat. Protoc. 7(5), 872-81 (2012).

. Guthrie, R. A. & Guthrie, D. W. Pathophysiology of diabetes mellitus. Crit. Care Nurs. Q. 27(2), 113-25 (2004).
. Petersen, M. C., Vatner, D. E & Shulman, G. I. Regulation of hepatic glucose metabolism in health and disease. Nat. Rev. Endocrinol.

13(10), 572-587 (2017).

. Athyros, V. G. et al. Diabetes and lipid metabolism. Hormones (Athens) 17(1), 61-67 (2018).

. Newsholme, P. et al. Amino acid metabolism, insulin secretion and diabetes. Biochem. Soc. Trans. 35(Pt 5), 1180-6 (2007).

. Arany, Z. & Neinast, M. Branched chain amino acids in metabolic disease. Curr. Diabetes Rep. 18(10), 76 (2018).

. Mirzoyan, K. et al. Increased urine acylcarnitines in diabetic ApoE—/— mice: Hydroxytetradecadienoylcarnitine (C14:2-OH)

reflects diabetic nephropathy in a context of hyperlipidemia. Biochem. Biophys. Res. Commun. 487(1), 109-115 (2017).

. Para, R. et al. Metabolic reprogramming as a driver of fibroblast activation in pulmonaryfibrosis. Am. J. Med. Sci. 357(5), 394-398

(2019).

. Bueno, M. et al. Mitochondria dysfunction and metabolic reprogramming as drivers of idiopathic pulmonary fibrosis. Redox. Biol.

33,101509 (2020).

Guasch-Ferré, M. et al. Metabolomics in prediabetes and diabetes: A systematic review and meta-analysis. Diabetes Care 39(5),
833-46 (2016).

Liew, G. et al. Metabolomics of diabetic retinopathy. Curr. Diabetes Rep. 17(11), 102 (2017).

Yin, J. et al. Potential mechanisms connecting purine metabolism and cancer therapy. Front. Immunol. 9, 1697 (2018).

Antony, P. J. et al. Myoinositol ameliorates high-fat diet and streptozotocin-induced diabetes in rats through promoting insulin
receptor signaling. Biomed. Pharmacother. 88, 1098-1113 (2017).

Takakado, M. et al. Simple and non-invasive screening method for diabetes based on myoinositol levels in urine samples collected
at home. BMJ Open Diabetes Res. Care 8(1), €000984 (2020).

Rehman, K. & Akash, M. S. H. Mechanism of generation of oxidative stress and pathophysiology of type 2 diabetes mellitus: How
are they interlinked?. J. Cell Biochem. 118(11), 3577-3585 (2017).

Liang, M. et al. 1-Arginine induces antioxidant response to prevent oxidative stress via stimulation of glutathione synthesis and
activation of Nrf2 pathway. Food Chem. Toxicol. 115, 315-328 (2018).

Acknowledgements
The authors thank the National Disease Research Interchange (NDRI) and the Oklahoma Lions Eye Bank for
their assistance with human corneal samples.

Author contributions

D.K.: Conceptualization, Resources, Writing—Original Draft, Writing—Review & Editing, Supervision, Project
administration and Funding acquisition A.E.W.: Writing—Original Draft, Writing—Review & Editing, and
Visualization S.E.N.: Writing—Review & Editing. J.-X.M.: Writing—Review & Editing and Funding acquisition.

Funding
The study was supported by National Eye Institute Grant [EY028949].

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-93164-1.

Correspondence and requests for materials should be addressed to D.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2021) 11:13627 | https://doi.org/10.1038/s41598-021-93164-1 nature portfolio


https://doi.org/10.3791/56308
https://doi.org/10.1038/s41598-021-93164-1
https://doi.org/10.1038/s41598-021-93164-1
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports|  (2021)11:13627 | https://doi.org/10.1038/s41598-021-93164-1 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Nerve influence on the metabolism of type I and type II diabetic corneal stroma: an in vitro study
	Methods
	Ethical approval and informed consent. 
	Cell isolation and culture. 
	3D in vitro constructs. 
	3D in vitro innervated constructs. 
	Experimental groups. 
	Metabolite extraction. 
	Statistical analysis. 

	Results
	Metabolic impact of neuronal presence in healthy and diabetic constructs. 
	T1DMs and T2DMs exhibit significant alterations in key energy production metabolic processes. 
	T2DMs exhibit decreased capacity for glucose metabolism relative to T1DM. 

	Discussion
	References
	Acknowledgements


