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Abstract
Mitochondria aredynamicorganelles that undergo fission and fusion.While theyare essential

for cellularmetabolism, the effect of dysregulatedmitochondrial dynamics on cellularmetab-

olism is not fully understood. We previously found that transmembrane protein 135

(Tmem135) plays a role in the regulation of mitochondrial dynamics in mice. Mice homozy-

gous for a Tmem135 mutation (Tmem135FUN025/FUN025) display accelerated aging and age-

related disease pathologies in the retina including the retinal pigment epithelium (RPE). We

also generated a transgenic mouse line globally overexpressing the Tmem135 gene

(Tmem135 TG). In several tissues and cells that we studied such as the retina, heart, and

fibroblast cells, we observed that the Tmem135 mutation causes elongated mitochondria,

while overexpression of Tmem135 results in fragmented mitochondria. To investigate how

abnormal mitochondrial dynamics affect metabolic signatures of tissues and cells, we

identified metabolic changes in primary RPE cell cultures as well as heart, cerebellum, and

hippocampus isolated from Tmem135FUN025/FUN025mice (fusion> fission) and Tmem135 TG

mice (fusion< fission) using nuclearmagnetic resonance spectroscopy.Metabolomics anal-

ysis revealed a tissue-dependent response to Tmem135 alterations, whereby significant

metabolic changes were observed in the heart of both Tmem135 mutant and TG mice as

compared to wild-type, while negligible effects were observed in the cerebellum and hippocampus. We also observed changes in

Tmem135FUN025/FUN025 and Tmem135 TG RPE cells associated with osmosis and glucose and phospholipid metabolism. We

observeddepletion of NADþ in bothTmem135FUN025/FUN025 andTmem135TGRPEcells, indicating that imbalance inmitochondrial

dynamics to both directions lowers the cellular NADþ level. Metabolic changes identified in this study might be associated with

imbalanced mitochondrial dynamics in heart tissue and RPE cells which can likely lead to functional abnormalities.

Keywords: Mitochondrial dynamics, Tmem135, mouse models, metabolomics, retinal pigment epithelium, heart

Experimental Biology and Medicine 2020; 245: 1571–1583. DOI: 10.1177/1535370220932856

Introduction

Mitochondria are dynamic organelles that undergo fusion,
fission, and degradation. Mitochondrial fusion inmammals
is mediated by dynamin-related GTPases, mitofusin 1 and 2

(MFN1 and MFN2), that are responsible for fusion of mito-
chondrial outer membranes,1 and optic atrophy 1 (OPA1),
also a dynamin-related GTPase, that facilitates fusion of
mitochondrial inner membranes.2 Mitochondrial fission in
mammals is mediated by dynamin-related protein 1 (DRP1,
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or dynamin 1-like [DNM1L]), which is also a large GTPase
that can be recruited to the mitochondrial outer membrane
to constrict mitochondria resulting in their division.3

Changes in mitochondrial dynamics have been associated
with aging and altered lifespan in yeast,4 Caenorhabditis
elegans,5 and Drosophila.6 Mutations in mitochondrial
fusion and fission proteins have also been associated with
human diseases including peripheral neuropathies, optic
atrophy, encephalopathy, and encephalomyopathy.7–12

The consequences of abnormal mitochondrial dynamics
in the heart have been extensively studied by targeting
regulators of mitochondrial dynamics in mice. Mice with
Drp1 depletion in the adult heart (causing over-fused mito-
chondria) show dilated cardiomyopathy, while mice with
ablation of both Mfn1 and Mfn2 in the adult heart (causing
decreased mitochondrial fusion) display cardiac hypertro-
phy.13 Imbalanced processing of OPA1 (causing fragmenta-
tion of mitochondria) in mice results in dilated
cardiomyopathy.14 These results highlight the importance
of balanced mitochondrial dynamics for normal structures
and functions of the heart. While mitochondria are essential
for cellular metabolism15 and mitochondrial disorders rep-
resent common forms of genetic metabolic diseases in
human,16,17 it is still not fully understood how mitochon-
drial dynamics affect cellular metabolism.

Transmembrane 135 (TMEM135) was originally sug-
gested to be involved in fat storage, resistance for cold
stress, and longevity in C. elegans.18 We previously identi-
fied a mouse gene, Tmem135, and discovered its role in
regulating mitochondrial dynamics.19 Mice homozygous
for a Tmem135mutation (Tmem135FUN025/FUN025) show phe-
notypes associated with accelerated aging in the retina
including a significant photoreceptor cell degeneration,
increase of ectopic photoreceptor synapses, and upregula-
tion of a retinal stress marker, glial fibrillary acidic protein,
as well as age-related pathologies in the retina including
increased autofluorescence and active microglia in the
outer retina, thickening of the retinal pigment epithelium
(RPE) and reduced retinal functions measured by electro-
retinograms.19 Mitochondria were enlarged and the mito-
chondrial network appeared to be more fused in fibroblasts
and RPE cells isolated from Tmem135FUN025/FUN025 mice,
and in inner segments of photoreceptor cells in the
Tmem135FUN025/FUN025 retina.19 Conversely, transgenic
mice globally overexpressing wild-type (WT) Tmem135
(Tmem135 TG) display a fragmented mitochondrial net-
work in fibroblasts and RPE cells, as well as the heart
muscle.19,20 Pathologically, the heart of Tmem135 TG mice
shows collagen accumulation and hypertrophy.20 We also
found that gene expression profiles of the Tmem135 TG
heart share common features with the aged heart.20 These
mouse models provide unique opportunities to examine
the effect of dysregulated mitochondrial dynamics on the
integrity and metabolism of their tissues.

Here, in order to investigate how abnormal mitochon-
drial dynamics affect metabolic signatures of tissues and
cells, we examined metabolic changes associated with
mutation and overexpression of the Tmem135 gene in the
heart and brain tissues (hippocampus and cerebellum) as
well as primary cultures of RPE cells. These tissues and

cells were selected based on their high energy demand,
which may make them vulnerable to mitochondrial
changes, as well as abnormal phenotypes observed in
Tmem135 mutant or TG mice.19,20 We observed that modu-
lation of Tmem135 activity leads to tissue-dependent effects.
Specifically, we observed a high sensitivity of heart tissue to
changes in Tmem135 activity while some regions of the
brain including cerebellum and hippocampus showed neg-
ligible effects. Additionally, we observed potential effects of
increased oxidative stress in both Tmem135 mutant and
Tmem135 TG models and also identified diverse metabolic
alterations associated with each model in RPE cells. We also
identified glutamine reduction to be a key aspect associated
with Tmem135 TG tissues and cells. Findings from this
study will help us understand how mitochondrial dynam-
ics affect metabolites and metabolic pathways in the heart
tissue and RPE cells, which may indicate the mechanisms
through which dysregulated mitochondrial dynamics lead
to accelerating aging and disease phenotypes in Tmem135
mouse models.

Materials and methods

Animals

All animal procedures were approved by the Animal Care
and Use Committee at the University of Wisconsin-
Madison. Tmem135FUN025/FUN025 mice were generated in
the Northwestern University Center for Functional
Genomics as previously described21,22 and were imported
to and maintained at University of Wisconsin-Madison by
crossing homozygous mutants to heterozygous mice.19

Genotyping for WT and FUN025 alleles was performed as
previously described.19 Tmem135 TG mice were generated
as previously described19,20 and maintained by breeding
transgene-positive mice with transgene-negative siblings.
Transgene-positive mice were detected by polymerase
chain reaction using primers, mTmem135 F4
(GCAAGAGGAACCATCACGAC) and mTmem135 R6
(TGCCAAAAACCCAGCCAC). C57BL/6J mice were
obtained from The Jackson Laboratory and used as WT
control mice for this study.

Tissue isolation

Three-month-old Tmem135FUN025/FUN025, Tmem135 TG, and
WT (C57BL/6J) mice were euthanized by CO2 inhalation.
Heart and brain (cerebellum and hippocampus) tissues
were quickly dissected out, rinsed in phosphate-buffered
saline (PBS), snap frozen in liquid nitrogen, and stored at
�80�C.

Cell culture

Primary RPE cultures were carried out as previously
described23 with a slight modification. Briefly, two-
month-old mice (WT: C57BL/6J; Tmem135 TG;
Tmem135FUN025/FUN025) were euthanized by CO2 inhalation,
and their eyes were removed and placed in ice-cold
Dulbecco modified Eagle medium (DMEM; ATCC,
Manassas, VA). Following the removal of the cornea, lens,
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and retina under the microscope, the posterior eyecups
were immersed in 0.25% (wt/vol) trypsin, 2.21mM EDTA
(CORNING, Manassas, VA) at 37�C for 1 h. RPE cells were
dissociated from the Bruch’s membrane by gentle aspira-
tion and collected by centrifuging for 5min, 400�g at room
temperature. After two washes with DMEM and centrifu-
gation for 5min, 400 �g at room temperature, a single-cell
suspension in DMEM containing 10% (vol/vol) fetal bovine
serum (ATCC) and 1% Penicillin Streptomycin (Thermo
Fisher Scientific, Waltham, MA) was seeded in a 35-mm
culture dish. After culturing in 5% CO2 at 37�C for four -
days, most of the attached cells were RPE cells, which were
cultured in complete DMEM for six more days. Cells that
had reached confluence were subcultured at a 1:3 dilution
in complete DMEM using trypsin-EDTA (0.25 trypsin,
2.21mM EDTA). RPE cells were continued to be cultured
in T75 flasks in complete DMEM and subcultured at a 1:3
dilution every three days until being used at passage 5 for
the nuclear magnetic resonance (NMR) analysis. These cells
were positive for RPE markers including pan-cytokeratin,
tight junction protein, ZO-1, b-catenin, RPE65, and
CRALBP (data not shown).

NMR sample preparation

RPE cells were cultured in triplicate to �80% confluence.
The medium was replaced with fresh medium 24h before
collection of cells. RPE cells in the T75 flask were washed
twice with ice-cold PBS (pH 7.4), quenched using 3ml
methanol, and collected as described in Bhute et al.24–26

Intracellular metabolites were extracted using a dual
phase extraction procedure adopted from Martineau
et al.27 Frozen brain and heart tissues were weighed and
polar metabolites were extracted using a methanol-water-
chloroform protocol described by Beckonert et al.28 The
samples were dried at 30�C using a vacuum concentrator
and stored in �80�C.

For NMR analysis, samples were reconstituted in 0.6ml
of 0.1M phosphate buffered D2O (pH¼ 7.0) solution con-
taining an internal standard (0.5mM 3-trimethylsilyl-pro-
pionate-2, 2, 3, 3, -d4 [TMSP, d¼ 0.0 ppm]). Following
centrifugation at 18,000 �g for 10min, the supernatant
(550 lL) was transferred to NMR tubes (Norell Inc.,
Morganton, NC).

NMR acquisition, data processing, and
statistical analysis
1H NMR spectra were recorded on a Bruker Avance III,
exported to an ACD/1D NMR Processor (Advanced
Chemistry Development), and processed as described in
our previous study.24 Peaks were annotated through the
Human Metabolome Database (HMDB)29 and
Metabohunter.30 Targeted profiling31 was performed
using ChenomX NMR Suite Profiler (version 7.7,
ChenomX Inc.). Metabolite concentrations were quantified
as previously described24 and exported as an Excel file
(Microsoft). Metabolites with low confidence were exclud-
ed from the analysis. To evaluate the metabolite fractions
and to account for the differences in efficiencies of

extraction, concentration data matrix for cultured RPE
cells were further normalized by the total concentration
of metabolites in each sample. In case of the tissues, the
probabilistic quotient normalization (PQN) method32 was
used for normalizing the metabolite concentrations. A list
of metabolites identified in each tissue and cultured RPE
cells is provided in Supplemental Table 1, and the complete
data set including raw NMR files and processed data is
available on MetaboLights server (ID: MTBLS1410).

The statistical analysis was performed using
MetaboAnalyst 3.0.33,34 Unsupervised clustering was per-
formed using principal component analysis (PCA) on the
auto-scaled concentrations. Hierarchical clustering was
performed on auto-scaled concentrations using Pearson’s
distance measure with ward clustering. Significantly
altered metabolites (P< 0.05) between different genotypes
were identified using one-way analysis of variance
(ANOVA) with Tukey’s HSD (honestly significant differ-
ence). Pathway topology analysis was performed for each
genotype in the pathway analysis module of
MetaboAnalyst using global test algorithm. Both relative
betweenness centrality and outdegree centrality metrics
were used to calculate the impact score of a pathway.
Metabolic pathways with an impact score (either relative
betweenness or outdegree) greater than 0 and false discov-
ery rate (FDR) less than 0.05 were considered as significant-
ly enriched. NMR spectral files as well as processed JCAMP
files have been uploaded to MetaboLights database (ID:
MTBLS1410), http://www.ebi.ac.uk/metabolights/.

Results

We used an 1H NMR-based quantitative and targeted met-
abolic profiling31 to detect significant changes in metabo-
lites in tissues and cultured RPE cells isolated from
Tmem135FUN025/FUN025, Tmem135 TG, and WT (C57BL/6J)
mice. The metabolites identified in these tissues and prima-
ry RPE cultures by NMR-based metabolomics are shown in
Supplemental Table 1. The metabolites are classified into
different groups based on either their functions or chemical
structures.

Tmem135 mutation and overexpression significantly
change metabolite concentrations in the heart

We first investigated the metabolic changes in the heart
from the two models with modulation of Tmem135. Heart
muscle cells derive the energy by fatty acid oxidation and
therefore rely heavily on mitochondria for their function.
Figure 1(a) shows the three-dimensional plot of PCA show-
ing the first three principal components (PCs) of the NMR
metabolomics assays. The metabolic profiles of the heart
tissue from the three groups: WT, Tmem135 TG, and
Tmem135FUN025/FUN025 separated along the first PC
(Figure 1(a)). Hierarchical clustering and PCA highlighted
that the heart tissue from Tmem135FUN025/FUN025 mice
showed greater variance when comparedwith heart tissues
from WT and Tmem135 TG. Importantly, samples from
within the group clustered together, highlighting that the
between-group differences are greater than within-group
variations (Figure 1(b)). Sixteen metabolites were
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significantly altered in different groups (P< 0.05, ANOVA
followed by Tukey’s post hoc method) (Figure 2(a) to (c)).

The heart tissue from Tmem135FUN025/FUN025 mice
showed significant alterations in several essential amino
acids, including lysine and methionine which were signif-
icantly increased, while valine and tyrosine were signifi-
cantly reduced, as compared to the heart tissue from WT
mice (Figure 2(b)). Asparagine was the non-essential amino
acids which was also significantly increased in
Tmem135FUN025/FUN025 versus WT mice (Figure 2(b)). More
than two-fold increase was observed in 5,6-dihydrouracil

(Figure 2(c)), one of the metabolites involved in pyrimidine
metabolism, and NADPþ was also significantly increased
in the heart tissue from Tmem135FUN025/FUN025 mice as com-
pared to WT mice (Figure 2(c)).

Several metabolites associated with energy pathways
were significantly altered in the hearts of Tmem135 TG
mice as compared to the hearts from WT mice.
Specifically, creatine, the most abundant metabolite in the
heart tissue, was significantly reduced in the hearts of
Tmem135 TG mice as compared to the hearts from WT
mice (Figure 2(a)). Creatine is a key metabolite involved

Figure 1. Heart metabolomics indicate significant metabolic changes due to modulation of Tmem135. (a) A three-dimensional PCA plot representing metabolite

concentrations in heart tissues from Tmem135FUN025/FUN025 mice (red, n¼ 4), Tmem135 TG mice (green, n¼ 3), and WT mice (blue, n¼ 4). Each data point represents

data from individual animals. (b) Heat map showing hierarchical clustering using Pearson distance measure and ward linkage. The color in the heat map shows auto-

scaled concentration (red-high, green-low). WT: wild type; FUN025: Tmem135FUN025/FUN025; TG: Tmem135 TG; PC: principal component; ATP: adenosine

triphosphate.
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in the dynamic regulation of availability of adenosine tri-
phosphate (ATP) by participating in the reaction catalyzed
by creatine kinase that converts creatine and ATP to crea-
tine phosphate and ADP. Since creatine is not synthesized
in the heart, the reduced amount of creatine could be due to
decreased creatine transport by the creatine transporter or
increased use of creatine in the heart. A significant decrease
in glutamine and a significant increase in glutamate were
observed in the hearts of Tmem135 TG mice (Figure 2(a))
indicating increased glutaminolysis, which is mostly a
mitochondrial process,35 relative to WT hearts. Among
the amino acids, glycine and asparagine were also
increased significantly in the hearts of Tmem135 TG mice
as compared to WT mice (Figure 2(b)). Asparagine is pro-
duced from aspartic acid catalyzed by asparagine synthe-
tase, which also generates glutamate. It is possible that the
observed increase in both asparagine and glutamate in
Tmem135 TG mice was due to this activity. NADþ, an
important energy metabolite, was significantly reduced,
while pyruvate and UDP-N-acetylglucosamine, products
of glucose metabolism, accumulated in the hearts of
Tmem135 TG mice compared to WT mice (Figure 2(c)).
These metabolomic data from the heart suggest that mod-
ulation of Tmem135 significantly affects the metabolism in
this tissue, which may lead to functional changes.

Brain tissues including hippocampus and cerebellum
are not significantly affected by modulation of
Tmem135

We next investigated the metabolic changes in tissues in the
brain including hippocampus and cerebellum which were
not found to show any robust phenotypes in Tmem135 TG
and Tmem135FUN025/FUN025 mice.19,20 We performed PCA on
the metabolic profiles of the tissues from both Tmem135 TG
and Tmem135FUN025/FUN025 mice and observed that the met-
abolic profiles of hippocampus (Figure 3(a)) and cerebellum
(Figure 3(b)) clustered together with themetabolic profiles of
tissues from WT mice. This suggests that the within group
variability was dominant and that modulation of Tmem135
did not affect the global metabolic profiles in a significant
manner in these tissues. This was also supported by hierar-
chical clustering (Supplemental Figure 1). ANOVA showed
that glutamine and glycine were significantly decreased in
the hippocampus of Tmem135 TG mice (Figure 3(c)), while
none of themetabolites were significantly affected (ANOVA,
P< 0.05) in the cerebellum when compared to WT mice.
Since, glutamine was significantly reduced in heart tissue
and hippocampus of Tmem135 TG mice, we examined the
glutamine concentration in the cerebellum of these mice and
observed a trend with reduced glutamine concentration
(P¼ 0.07) (Figure 3(d)).

Figure 2. Normalized concentrations of significantly altered metabolites in the heart due to modulation of Tmem135. (a–c) Normalized concentrations of metabolites

that are significantly altered in the heart due to Tmem135mutation or overexpression as tested by ANOVA followed by Tukey’s HSD post hoc test (P< 0.05). Error bars

represent SEM. PC: principal component; WT: wild type; FUN025: Tmem135FUN025/FUN025; TG: Tmem135 TG; GPC: glycerophosphocholine; UDP-GlycNac: UDP-N-

Acetylglucosamine.
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Tmem135 mutation and overexpression significantly
changemetabolite concentrations in cultured RPE cells

Temporal characterization of phenotypes in the
Tmem135FUN025/FUN025 retina indicated that the RPE,
which is an active barrier that supports the neural retina
in many ways,36 appeared to be the initial cell layer affect-
ed.19 Increasing evidence also suggests that the RPE is the
primary site of age-related macular degeneration (AMD)
pathologies,37–39 presumably followed by secondary loss
of photoreceptor cells.40,41 Considering mitochondria’s
essential roles in cellular metabolism, abnormal mitochon-
drial dynamics in Tmem135 mouse models could very well
affect the metabolism of RPE cells leading to functional
abnormalities, which may in turn affect the health of pho-
toreceptor cells. To investigate the influence of abnormal
mitochondrial dynamics due to Tmem135 mutation and
overexpression on the metabolism of RPE cells, we isolated
RPE cells from two-month-old Tmem135FUN025/FUN025,

Tmem135 TG, and WTmice and cultured them as previous-
ly described.19,23

We performed PCA on the complete culture RPE cell
metabolomics data set (Figure 4(a)) to cluster different sam-
ples based on their variance in the global metabolic profiles.
Unsupervised PCA of the metabolomics data demonstrat-
ed a clear separation of three groups. Percent variance cap-
tured by PCA model for PC1 was 44.6%, and for PC2 was
26.2%. Tmem135 TG clustered separately from WT along
PC1 and PC2, while Tmem135FUN025/FUN025 was separated
fromWTalong PC2. This suggests that significant metabol-
ic changes are associated with the increased mitochondrial
fission observed in Tmem135 TG samples. Hierarchical clus-
tering using Pearson correlation for distance metric and
ward linkage method also supported the PCA data with
cultured RPE cells isolated from Tmem135 TG mice cluster-
ing separately from the other two groups (Figure 4(b)).
Twenty-four metabolites were significantly altered in

Figure 3. Brain metabolomics indicate negligible metabolic changes in hippocampus and cerebellum tissues due to modulation of Tmem135. Two-dimensional PCA

plots representing metabolite concentrations in (a) hippocampus and (b) cerebellum of mice with different genotypes: Tmem135FUN025/FUN025 mice (red, n¼ 4),

Tmem135 TG mice (green, n¼ 3), and WT mice (blue, n¼ 4). Each data point represents data from individual animals and shaded region represents 95% confidence

interval region. (c) Normalized concentrations of significantly altered metabolites in hippocampus, as tested by ANOVA followed by Tukey’s HSD post hoc test

(P< 0.05). Error bars represent SEM. (d) Normalized concentration of glutamine in cerebellum as a result of modulation of Tmem135. PC: principal component; WT:

wild type; FUN025: Tmem135FUN025/FUN025; TG: Tmem135 TG.
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different groups (P< 0.05, ANOVA followed by Tukey’s
post hoc method) (Figure 5(a) to (d)).

In cultured RPE cells isolated from Tmem135FUN025/

FUN025 mice, negligible changes were observed in essential
amino acids as compared to WT cells (Figure 5(b)). Among
the non-essential amino acids, glutamate and proline
showed a significant decrease in abundance as compared
to WT (Figure 5(a)). It has been shown that the most pre-
ferred nutrient consumed by RPE cells as an energy sub-
strate is proline, which is exported to the apical side and

taken up by the neural retina (photoreceptor cells).42 A
decrease of proline abundance suggests that
Tmem135FUN025/FUN025 RPE may use more proline as the
energy source or may alternatively uptake less proline
from the environment. Creatine phosphate and N-acetylas-
partate were significantly reduced, while glutathione was
significantly increased in cultured RPE cells isolated from
Tmem135FUN025/FUN025mice as compared toWTcells among
the amino acid derivatives (Figure 5(c)). Glucose and glyc-
erol both were significantly increased while NADþ was

Figure 4. Cell culture metabolomics indicate significant metabolic changes due to modulation of Tmem135 in RPE cells. (a) Two-dimensional PCA plots representing

metabolite concentrations in cultured RPE cells isolated from mice with different genotypes: Tmem135FUN025/FUN025 (red), Tmem135 TG mice (green), and WT mice

(blue). Each data point represents biological replicates and shaded region represents 95% confidence interval region. (b) Heat map showing hierarchical clustering

using Pearson distance measure and ward linkage. The color in the heat map shows auto-scaled concentration (red-high, green-low). PC: principal component; WT:

wild type; FUN025: Tmem135FUN025/FUN025; TG: Tmem135 TG; ATP: adenosine triphosphate.
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significantly decreased in cultured RPE cells isolated from
Tmem135FUN025/FUN025 mice as compared to WT cells
(Figure 5(d)). These metabolic changes suggest that glucose
and lipid metabolism may be affected in Tmem135FUN025/

FUN025 RPE cells compared with WT RPE cells. Branched
chain amino acids (BCAAs; valine, leucine, and isoleucine),
which can also be used as energy sources in extra-hepatic
tissues,43 showed a trend towards accumulation in
Tmem135FUN025/FUN025 RPE (Figure 5(b)). The levels of the
BCAAs are upregulated in aged mouse blood,44 suggesting
that usage of BCAAs may change with aging. Recent study
also found an increased accumulation of BCAAs in the
brain of rats after ischemia-reperfusion (I/R) injury45 sug-
gesting a role of these amino acids in stressed tissues. The
overall changes in these energy sources suggest alterations
in energy production/utilization by Tmem135FUN025/FUN025

RPE cells relative toWT RPE cells. This may have impact on
the normal function of RPE cells, which in turn could lead
to age-related retinal phenotypes observed in
Tmem135FUN025/FUN025 mice.19

In cultured RPE cells isolated from Tmem135 TG mice,
abundances of several non-essential amino acids (gluta-
mine, glutamate, serine, and alanine, Figure 5(a)) and
essential amino acids (threonine, phenylalanine, and tyro-
sine, Figure 5(b)) were significantly decreased as compared

to WT. Similar to the tissues we examined, glutamine con-
centration was decreased in cultured RPE cells isolated
from Tmem135 TG mice highlighting a tissue-independent
effect of Tmem135 overexpression. Several amino acid
derivatives including taurine, creatine, creatine phosphate,
glutathione, and beta-alanine were significantly increased
in RPE cells derived from Tmem135 TGmice as compared to
WT (Figure 5(c)). A decrease in essential and non-essential
amino acids together with an increase in their metabolites
indicate increased amino acid metabolism in Tmem135 TG
RPE cells relative to WT RPE cells. An amino acid deriva-
tive, N-acetylaspartate, was decreased in Tmem135 TG RPE
cells (Figure 5(c)). Taurine, beta-alanine, myo-inositol, and
glycerophosphocholine, which also serve osmoregulatory
functions are increased in Tmem135 TG RPE cells
(Figure 5(c) and (d)) suggesting that RPE cells are
experiencing osmotic stress. Hyperosmotic stress may trig-
ger cell shrinkage, oxidative stress, protein carbonylation,
mitochondrial depolarization, DNA damage, and cell cycle
arrest, thus rendering cells susceptible to apoptosis.46 Beta
alanine is also a precursor of several amino acid derivatives
including pantothenic acid (precursor of acetyl coenzyme
A synthesis), uracil (pyrimidine metabolism), spermine
(polyamine metabolism and arginine metabolism), malo-
nate (fatty acid metabolism), and carnosine (a reactive

Figure 5. Normalized concentrations of significantly altered metabolites in RPE cells due to modulation of Tmem135. (a) Non-essential amino acids, (b) essential

amino acids, (c) amino acid derivatives, and (d) other metabolites which are significantly altered, as tested by ANOVA followed by Tukey’s HSD post hoc test (P< 0.05).

Error bars represent SEM. WT: wild type; FUN025: Tmem135FUN025/FUN025; TG: Tmem135 TG; GPC: glycerophosphocholine.

1578 Experimental Biology and Medicine Volume 245 November 2020
...............................................................................................................................................................



oxygen species scavenging molecule and suppressor of
production of advanced glycation end products).47–49

Increase in total beta-alanine concentration indicates
impaired conversion of beta-alanine into these
derivatives in Tmem135 TG RPE cells, which can have
significant impact on related metabolic pathways and
affect the health of these cells. Among other
metabolites, glycerol was increased while NADþ was
decreased in Tmem135 TG RPE cells compared to WT
RPE cells (Figure 5(d)).

Pathway analysis for predicting metabolic pathways
affected in RPE cells and the heart

Changes in the steady-state metabolite concentrations can
be useful for identifying potential metabolic pathways that
are altered or enriched in the two models affecting the
activity of Tmem135. We used the pathway topology anal-
ysis to identify metabolic pathways that are likely affected
(FDR< 0.05) in cultured RPE cells (Figure 6(a)) as well as
heart tissues (Figure 6(b)) from Tmem135 TG and
Tmem135FUN025/FUN025 mice relative to WT mice. We
observed a greater number of metabolic pathways which
were enriched in Tmem135 TG (23 relative to WT) RPE cells
as compared to Tmem135FUN025/FUN025 (14 relative to WT)
RPE cells (Figure 6(a)). Similarly, a greater number of

metabolic pathways were found to be significantly
enriched in Tmem135 TG heart (15 relative to WT) as com-
pared to Tmem135FUN025/FUN025 heart (10 relative to WT)
(Figure 6(b)).

Metabolic pathways significantly enriched in RPE cells
as well as the heart tissue of both Tmem135FUN025/FUN025 and
Tmem135 TG genotypes (Figure 6) include pyrimidine
metabolism, arginine and proline metabolism, alanine,
aspartate and glutamate metabolism, and protein synthesis
(aminoacyl-tRNA biosynthesis). These metabolic pathways
may be generally closely associated with and sensitive to
changes in Tmem135 and/or mitochondrial dynamics
across different tissues and cell types. Both Tmem135 TG
and Tmem135FUN025/FUN025 RPE cells showed significant
enrichment in glycine, serine and threonine metabolism,
glutathione metabolism, nicotinate and nicotinamide
metabolism, galactose metabolism, glycerolipid metabo-
lism, and nitrogen metabolism. These pathways may rep-
resent ones that are sensitive to Tmem135 gene modulation
and/or mitochondrial dynamics changes in RPE cells. Beta-
alanine metabolism was enriched in both Tmem135 TG and
Tmem135FUN025/FUN025 heart relative to WT heart in addi-
tion to aforementioned pathways, indicating that this path-
way is sensitive to Tmem135 modulation and/or
mitochondrial dynamics alterations in the heart.

Figure 6. Pathway analysis identifies significantly enriched pathways due to modulation of Tmem135 in cultured RPE cells and heart tissue. Heat map showing

metabolic pathways which are significantly enriched in the (a) cultured RPE cells and (b) heart tissues of mice with different genotypes: Tmem135FUN025/FUN025 relative

to WT mice (FUN025) and Tmem135 TG relative to WT mice (TG). The color in the heat map represents �log10(FDR) (red: highly significant) and brackets next to

pathways indicate the number of metabolites which are matched in the pathway and metabolic analysis. Pathways are considered significantly enriched if FDR< 0.05

and impact>0. Impact score indicates the impact of significantly affected metabolites in the pathway based on network topologymeasure defined as a sum of relative

betweenness centrality and outdegree centrality. WT: wild type; FUN025: Tmem135FUN025/FUN025; TG: Tmem135 TG; FDR: false discovery rate; tRNA: transfer

ribonucleic acid.
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Discussion

Mitochondrial integrity is critical for healthy aging process.
Several age-related diseases/pathologies have been associ-
ated with aberrant mitochondrial dynamics including neu-
rodegeneration, metabolic syndromes, and cardiovascular
disease.50 Our previous studies had identified TMEM135, a
protein important for regulating mitochondrial dynamics,
to be associated with age-related diseases/pathologies.
AMD-like phenotypes were observed in Tmem135FUN025

mutant mice,19 while cardiomyopathy was observed in
mice with Tmem135 overexpression.20 Our Tmem135
mouse models (with a mutation and overexpression of
Tmem135) can be useful tools to understand the underlying
causes as well as to develop potential treatment strategies
for theses pathologies. To further characterize these
models, the metabolic profiles of tissues and RPE cells of
Tmem135FUN025/FUN025 (fusion>fission) and Tmem135 TG
(fusion<fission) mice were investigated in this study.

Metabolomic analysis of different tissues and cells from
Tmem135FUN025/FUN025 and Tmem135 TGmice indicated that
metabolic changes due to modulation of Tmem135 occur in
a tissue-specific manner. We observed that while heart and
RPE cells showed high sensitivity to changes in Tmem135
expression, brain tissues including hippocampus and cere-
bellum showed negligible metabolic changes. We identified
several metabolic changes associated with different geno-
types as well as potential metabolic pathways which are
likely affected in the heart as well as RPE cells isolated
from either Tmem135FUN025/FUN025 or Tmem135 TG mice.
These data provide evidence that metabolic profiling can
be used to characterize the tissues which are sensitive to
Tmem135 modulation and also to identify potential meta-
bolic pathways which may be associated with increased
fission (overexpression of Tmem135) or increased fusion
(mutant Tmem135) of mitochondria in those tissues show-
ing affected phenotypes. We cannot exclude the possibility
that tissue-specific metabolic changes may be partly due to
differences in the expression level of the Tmem135 trans-
gene. It will be of great interest to investigate whether
and how these metabolic changes lead to mitochondria
and age-related pathologies of RPE cells as well as the
heart abnormalities.

Some of the metabolic changes were commonly
observed between multiple tissues and/or across different
genotypes, which may have unique implications. For exam-
ple, glutamine was reduced in both the heart and RPE cells
as well as hippocampus from Tmem135 TG mice. In the
Tmem135 TG heart, a significant increase in glutamate
was also observed, indicating increased glutaminolysis.
Glutaminolysis is mostly a mitochondrial process that con-
verts glutamine to glutamate.35 Glutamate is a major excit-
atory neurotransmitter, and is used for the synthesis of the
antioxidant glutathione or further metabolized to a-keto-
glutarate to generate ATP in the Krebs cycle. Tmem135 TG
heart tissue may utilize more glutamine for antioxidant
reaction or as an extra energy source. It is interesting to
note that glutamine-to-glutamate ratio in the plasma
is inversely associated with metabolic disease parame-
ters.51–54 Since glutamine concentration is affected

significantly in different tissues of Tmem135 TG mice
(which show increased mitochondrial fission as compared
to fusion), it is likely that glutamine metabolism is sensitive
to mitochondrial fission. Our pathway analysis indicated
that there are more metabolic changes that are common
between the Tmem135 TG heart and RPE cells. Thirteen
out of the 15 metabolic pathways which were significantly
enriched in the heart tissue of Tmem135 TGmice (relative to
WT mice) were also significantly enriched in the cultured
RPE cells isolated from Tmem135 TG mice (relative to WT
mice). Those metabolic pathways commonly enriched in
both RPE cells and the heart of Tmem135 TG mice may be
associated with fragmented mitochondria and/or pheno-
typic abnormalities observed in Tmem135 TG mice.20

Cultured RPE cells isolated from both Tmem135 TG and
Tmem135FUN025/FUN025mice showed significant decreases in
NADþ, N-acetylaspartate, and glutamate and significant
increases in glutathione and glycerol, suggesting that
these metabolic changes are likely associated with disrup-
tion of homeostasis of mitochondrial dynamics in RPE cells.
Increases in glycerol abundances in both Tmem135FUN025/

FUN025 and Tmem135 TG RPE cells suggest that the lipid
metabolism may be disrupted in these cells. While metab-
olisms of lipid, glucose and BCAA are all affected in
Tmem135FUN025/FUN025 RPE, only lipid metabolism seems
to be mainly affected in Tmem135 TG RPE cells.
Association between the fat storage organelles, lipid drop-
lets, and mitochondria has been observed with fused/elon-
gated mitochondria,55,56 suggesting the connection
between the lipid metabolism and mitochondrial
dynamics. A reduction in N-acetylaspartate (Figure 5(c)),
a metabolite which is synthesized from aspartate and
acetyl-coenzyme A in the mitochondria, is also observed
in both Tmem135FUN025/FUN025 and Tmem135 TG RPE cells,
which may be attributed to a reduction in its synthesis rate
owing to changes in mitochondrial function. An increase in
glutathione (Figure 5(c)) and a decrease in glutamate
(Figure 5(a)) could be attributed to increased synthesis of
glutathione owing to increased oxidative stress.57 Indeed,
our previous study indicated that the level of oxidative
stress was increased in both Tmem135FUN025/FUN025 and
Tmem135 TG fibroblast cells.19 Increase in glutathione sug-
gests that oxidative stress is similarly increased in
Tmem135FUN025/FUN025 and Tmem135 TG RPE cells due to
abnormal mitochondrial dynamics. Increased oxidative
stress can also lead to an increased DNA damage and over-
activation of poly (ADP-ribose) polymerase (PARP) activi-
ty. PARP1 is known to be a major consumer of NADþ,
which may result in a decrease in total NADþ concentra-
tions in the cells. Indeed, Tmem135FUN025/FUN025 RPE cells
show significantly higher PARP1 activity compared to WT
RPE cells, while Tmem135 TG RPE cells also show a higher
trend (Supplemental Figure 2). Increased PARP1 activity
may be at least in part responsible for the decrease in
NADþ concentration in Tmem135FUN025/FUN025 and
Tmem135 TG RPE cells. NADþ is a critical metabolic cofac-
tor that regulates cellular metabolic homeostasis. NADþ is
involved in cellular ATP production through oxidative
phosphorylation, and regulates various enzymes involved
in metabolic pathways.45 It has been shown that the level of
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NADþ decreases during aging in worms, rodents, and
humans.58–61 In addition, reduction of NADþ or NADþ/
NADH ratio is associated with mitochondrial diseases
and age-related disorders including neurodegeneration,
obesity and diabetes, and cancer.62–65 Therefore, it will be
of interest to test if depletion of NADþ is responsible for
some of the RPE abnormalities in Tmem135FUN025/FUN025

and Tmem135 TG mice, and underlies age-related retinal
disease phenotypes including inflammation and neurode-
generation as future studies.
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