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Abstract
Hyperglycemia in diabetes mellitus (DM) patients is a causative factor for amyloidogenesis and induces neuropathological
changes, such as impaired neuronal integrity, neurodegeneration, and cognitive impairment. Regulation of mitochondrial
calcium influx from the endoplasmic reticulum (ER) is considered a promising strategy for the prevention of mitochondrial
ROS (mtROS) accumulation that occurs in the Alzheimer’s disease (AD)-associated pathogenesis in DM patients. Among
the metabolites of ellagitannins that are produced in the gut microbiome, urolithin A has received an increasing amount of
attention as a novel candidate with anti-oxidative and neuroprotective effects in AD. Here, we investigated the effect of
urolithin A on high glucose-induced amyloidogenesis caused by mitochondrial calcium dysregulation and mtROS
accumulation resulting in neuronal degeneration. We also identified the mechanism related to mitochondria-associated ER
membrane (MAM) formation. We found that urolithin A-lowered mitochondrial calcium influx significantly alleviated high
glucose-induced mtROS accumulation and expression of amyloid beta (Aβ)-producing enzymes, such as amyloid precursor
protein (APP) and β-secretase-1 (BACE1), as well as Aβ production. Urolithin A injections in a streptozotocin (STZ)-
induced diabetic mouse model alleviated APP and BACE1 expressions, Tau phosphorylation, Aβ deposition, and cognitive
impairment. In addition, high glucose stimulated MAM formation and transglutaminase type 2 (TGM2) expression. We first
discovered that urolithin A significantly reduced high glucose-induced TGM2 expression. In addition, disruption of the
AIP–AhR complex was involved in urolithin A-mediated suppression of high glucose-induced TGM2 expression. Markedly,
TGM2 silencing inhibited inositol 1, 4, 5-trisphosphate receptor type 1 (IP3R1)–voltage-dependent anion-selective channel
protein 1 (VDAC1) interactions and prevented high glucose-induced mitochondrial calcium influx and mtROS
accumulation. We also found that urolithin A or TGM2 silencing prevented Aβ-induced mitochondrial calcium influx,
mtROS accumulation, Tau phosphorylation, and cell death in neuronal cells. In conclusion, we suggest that urolithin A is a
promising candidate for the development of therapies to prevent DM-associated AD pathogenesis by reducing TGM2-
dependent MAM formation and maintaining mitochondrial calcium and ROS homeostasis.

Introduction

Hyperglycemia in diabetes mellitus (DM) patients is a key
pathogenic factor that contributes to amyloidogenesis-
induced neuropathological changes, such as impaired
neuronal integrity, neurodegeneration, and cognitive
impairment [1, 2]. In addition, previous studies showed that
a high glucose environment increases amyloid precursor
protein (APP) accumulation and amyloid beta (Aβ) plaque
formation in neuronal cells [3, 4]. Increased expression of
the APP processing enzyme β-secretase 1 (BACE1) by high
glucose is critical for neuronal Aβ production, and the
inactivation of BACE1 alleviates Aβ-driven Alzheimer’s
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disease (AD)-like pathologies, such as synaptic and mem-
ory deficits [5–7]. It is well known that hyperglycemia-
induced diabetic complications, including cognitive
impairment and executive functions, are mainly related to
oxidative stress [8, 9]. Mitochondrial reactive oxygen spe-
cies (mtROS) play key roles in the pathogenesis of AD by
promoting mitochondrial dysfunction, damage to RNA and
DNA, lipid peroxidation, and Aβ oxidation [10]. Because
mtROS are involved in amyloidogenesis and neuronal
apoptosis, the suppression of mtROS accumulation under
hyperglycemic conditions is a promising strategy for the
prevention of the AD-associated pathogenesis in DM
patients [11, 12].

Dysregulation of mitochondrial calcium homeostasis by
hyperglycemia is a risk factor for mtROS accumulation,
which leads to diabetic neuropathy [13, 14]. A
mitochondria-associated endoplasmic reticulum (ER)
membrane (MAM) is a site of physiological communication
between mitochondria and the ER, which controls cellular
metabolism and calcium transport from the ER to mito-
chondria [15, 16]. A study revealed that an impaired
mitochondrial calcium efflux capacity in a 3xTg-AD mouse
model contributed to superoxide accumulation, metabolic
dysfunction, and neuronal degeneration, suggesting calcium
dysregulation of mitochondria as a therapeutic target in AD
treatment [17]. Indeed, significant increases in MAM
function and mitochondria–ER communications in
presenilin-mutant cells and fibroblasts from familial and
sporadic AD patients have been reported [18]. Aβ-peptide-
increased MAM-dependent calcium transport is mediated
by voltage-dependent anion-selective channel protein
1 (VDAC1)-inositol 1, 4, 5-trisphosphate receptor (IP3R)
bridge formation in primary hippocampal neurons, which is
involved in AD [19]. Regulatory elements of the MAM that
modulate IP3R–VDAC1 interactions have been reported,
such as GRP75, Bax, Bcl2, and TGM2 [20–22]. Further-
more, the importance of MAM was highlighted in studies
that showed VDAC1 and mitochondrial calcium uniporter
(MCU) inhibition significantly reversed high glucose-
induced mtROS accumulation in HepG2 cells and β-cell
dysfunction in type 2 diabetes (T2D) islets [23, 24].
These findings suggest a close relationship between
MAM-mediated mitochondrial calcium influx and mtROS
accumulation in high glucose conditions. Therefore, MAM-
regulated mitochondrial calcium influx may be a potential
therapeutic target to treat hyperglycemia-related AD
pathogenesis.

3,8-Dihydroxy-urolithin (urolithin A) is a gut
microbiome-produced end-stage metabolite of ellagitannins
that is associated with the positive effects of ellagitannin-
rich products on chronic diseases, such as DM and neuro-
degenerative diseases [25]. The bioavailability of urolithins
derived from ellagitannin and ellagic acid is dependent on

individual gut microbiome composition [26, 27]. Indeed,
previous researchers reported that urolithin conversion from
ellagic acid is dependent on several identified species
(Clostridium coccoides and the Eggerthellacae family) in
human gut microbiota [26–28]. Many studies investigating
the bioactivity of urolithins showed that urolithin A is the
most potent metabolite among its precursor ellagitannin and
other urolithins [29, 30]. In silico computational studies
revealed that urolithins are brain absorbable metabolites that
can penetrate the blood–brain barrier and contribute to the
alleviation of Aβ (1–42)-induced neurotoxicity [31]. In
addition, experimental evidence for ellagitannin-derived
urolithin A deposition in the brain of a Parkinson’s disease
rat model has been presented [32]. Other researchers also
reported that urolithin A exhibits a protective effect on
oxidative stress-induced inflammation and apoptosis in
neuronal and microglial cells [33–35]. Furthermore, uro-
lithin A prolonged the lifespan of Caenorhabditis elegans
and improved the exercise capacity of rodent models by
suppressing mitochondrial oxygen consumption metabo-
lism [36]. Despite this anti-oxidative action of urolithin A,
the effects of urolithin A on MAM formation and mito-
chondrial calcium influx from the ER regulating mtROS
generation in neuronal cells under high glucose conditions
have not been reported yet. Here, we investigated the ability
of urolithin A to reduce high glucose-induced amyloido-
genesis through modulation of mitochondrial calcium influx
and mtROS in neuronal cells. We also aimed to identify the
underlying regulatory mechanisms.

Results

Effect of urolithin A on high glucose-induced
mitochondrial calcium influx and mtROS
accumulation

First, we investigated the effect of ellagic acid and urolithins
on the cell viability of SH-SY5Y cells under a high glucose
condition. The pretreatment of urolithin A but not urolithin
B, urolithin C, or urolithin D significantly decreased the
high glucose-induced LDH release level (Fig. 1a). The LDH
release level in the urolithin A pretreatment with high glu-
cose group was the lowest compared with other pretreat-
ment groups (Fig. 1a). In the WST-1 cell viability assay, we
confirmed that the viability of urolithin A-pretreated SH-
SY5Y cells with high glucose was higher than that of
vehicle-pretreated SH-SY5Y cells with high glucose (Sup-
plementary Fig. 1). MitoSOX staining assay showed that
urolithin A pretreatment decreased high glucose-induced
mtROS levels (Fig. 1b). However, Fig. 1b showed non-
significant effects of ellagic acid and other urolithins (uro-
lithin B, C, and D). Based upon our findings presenting the
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Fig. 1 Effect of urolithins on mitochondrial calcium, ROS in
neuronal cells under high glucose condition. a SH-SY5Y cells were
treated with 100 nM of ellagic acid, urolithin A, B, C, and D for 30
min prior to high glucose exposure (25 mM of D-glucose) for 72 h.
LDH released from apoptotic cells in supernatant was analyzed with
LDH assay kit, n= 5. b Cells were pretreated with ellagic acid (100
nM) or urolithin A (100 nM) or urolithin B (100 nM) or urolithin C
(100 nM) or urolithin D (100 nM) for 30 min prior to high glucose (25
mM) treatment for 48 h. Antimycin A (10 μM) was used for inducing
mtROS accumulation to make a positive control for analysis. Cells
stained with MitoSOX (1 μM) for 20 min and MitoSOX-positive cells
were analyzed with flow cytometer, n= 4. c Cells treated with high
glucose at the timepoint (0–72 h). Mitochondrial calcium levels were
measured by staining the cells with rhod-2 fluorescent dye (2 μM) for
20 min, and rhod-2-positive cells were analyzed with flow cytometer,
n= 4. Unstained cells were used as a negative control. d, e Cells were

exposed with urolithin A (100 nM) for 30 min prior to high glucose for
48 h. d rhod-2-positive cells are shown as percentages of the gated
cells, n= 4. e Mitochondrial permeability transition pore (mPTP)
assay was performed and analyzed by flow cytometer. Cells were
pretreated with urolithin A (100 nM) or cyclosporin A (2 mM) for 30
min prior to high glucose (25 mM) treatment for 48 h. Cyclosporin A
was used as a desensitization control, n= 6. f, g Cells were pretreated
with Ru360 (1 μM) for 30 min prior to high glucose for 48 h. f DCF-
DA staining was performed and the cells stained with DCF-DA was
analyzed with flow cytometer, n= 4. g MitoSOX staining was
achieved and the MitoSOX-positive cells were counted by using flow
cytometer. Antimycin A (10 μM) was used for inducing mtROS
accumulation to make a positive control for analysis, n= 4. Quanti-
tative data are shown as a mean ± S.E.M. All flow cytometer figures
are representative. *p < 0.05.
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relatively weak effect of ellagic acid or other urolithins
compared with urolithin A, we focused on the urolithin A’s
regulatory effect on neuronal cells under high glucose
condition. Furthermore, high glucose condition for 24–48 h
increased rhod-2-positive cell population in SH-SY5Y,
which indicates high glucose induces mitochondrial calcium
influx (Fig. 1c). We found that urolithin A pretreatment
inhibited high glucose-stimulated mitochondrial calcium
accumulation, but inhibited mitochondrial permeability
transition pore (mPTP) opening (Fig. 1d, e). High glucose-
induced intracellular and mtROS levels were suppressed by
pretreatment with the MCU (mitochondrial calcium uni-
porter) inhibitor Ru360 (Fig. 1f, g). These findings indicate
that the effect of urolithin A on decreasing mitochondrial
calcium accumulation is important for maintaining mtROS
homeostasis in SH-SY5Y cells under high glucose.

Effect of urolithin A on high glucose-induced
amyloidogenesis and neuronal degeneration in
neuronal cells and streptozotocin (STZ)-induced
diabetic mice

To determine the effect of urolithins on amyloidogenesis in
neuronal cells under high glucose, we measured secreted Aβ
(1–42) levels in SH-SY5Y and human-induced pluripotent
stem cells (iPSC)-derived neuronal differentiated cells
(iPSC-ND). We found that high glucose increased APP and
BACE1 expressions in a time-dependent manner (Supple-
mentary Fig. 2). In addition, we observed a significant
decrease in Aβ (1–42) concentration levels in SH-SY5Y
cells incubated in medium containing urolithin A and uro-
lithin B, but not ellagic acid, urolithin C, or urolithin D
(Fig. 2a). Since the inhibitory effect of urolithin A on Aβ
secretion was the most potent compared with other sub-
strates, we tested the effect of urolithin A on Aβ con-
centration in iPSC-ND cells under high glucose. In iPSC-
ND-conditioned medium, the Aβ (1–42) concentration level
in the urolithin A pretreatment with high glucose group was
lower than that in the vehicle pretreatment with high glu-
cose group (Fig. 2b). Urolithin A pretreatment suppressed
high glucose-induced APP and BACE1 expression in both
SH-SY5Y and iPSC-ND cells (Fig. 2c, d). High glucose-
induced APP and BACE1 expression levels were
suppressed by Ru360 or mtROS-specific scavenger Mito-
TEMPO pretreatment (Fig. 2e, f). These results suggest that
urolithin A-inhibited Aβ production is mediated by the
suppression of mitochondrial calcium and mtROS accu-
mulation. Furthermore, we determined the effect of uro-
lithin A on STZ-induced cognitive impairment,
amyloidogenesis, Tau phosphorylation, and Aβ deposition
in the prefrontal cortex and hippocampus of mouse brain
tissues. Urolithin A did not affect body weight gain in either
control or STZ mice (Fig. 2g). Blood glucose levels in

urolithin A-injected control mice were significantly lower
than that in vehicle-injected control mice, but this difference
between vehicle-injected STZ and urolithin A-injected STZ
mice was not statistically significant (Fig. 2h). For evalu-
ating cognitive function, we performed a Y-maze sponta-
neous alternation test. We observed that STZ injection
decreased the spontaneous alternation rate, which was
reversed by urolithin A injection (Fig. 2i). In the prefrontal
cortex and hippocampus tissues, urolithin A injection
inhibited STZ-induced expression of APP, BACE1, and p-
Tau (S262 and S396) and the level of Aβ (1–42) (Fig. 2j, k).
Therefore, our in vitro and in vivo experimental findings
suggest that urolithin A treatment can inhibit amyloido-
genesis and neuronal degeneration in DM models.

Role of transglutaminase type 2 (TGM2) in urolithin
A reduced mitochondria–ER contacts, mitochondrial
calcium influx, mtROS accumulation, and
amyloidogenesis under high glucose

We investigated the effect of high glucose on the mRNA
expression of proteins that regulate mitochondrial calcium
influx, such as VDAC1, MCU1, mitochondrial calcium
uptake 1 (MICU1), mitochondrial calcium uptake 2
(MICU2), MCU regulator 1 (MCUR1), and MCU-dominant
negative beta subunit (MCUB). We found that the mRNA
expression levels of VDAC1 andMCU1 were upregulated in
SH-SY5Y under a high glucose condition (Fig. 3a). How-
ever, urolithin A pretreatment did not affect high glucose-
induced VDAC1 and MCU1 mRNA and protein expression
(Fig. 3b, c). In addition, Ru360 pretreatment did not change
the high glucose-stimulated VDAC1 and MCU1 protein
expressions (Supplementary Fig. 3). We further investigated
the effect of high glucose and urolithin A on the interactions
between the ER and mitochondria. As shown in Fig. 3d, we
found that high glucose increased the co-localization of
MitoTracker-positive fluorescence with ER-Tracker-
positive fluorescence in SH-SY5Y cells, which was
reversed by urolithin A pretreatment. In co-
immunoprecipitation and in situ proximity ligation assay
(PLA) experiments, high glucose increased the direct
interaction between IP3R1, IP3R3, and VDAC1, which was
abolished by urolithin A pretreatment (Fig. 3e, f). In addi-
tion, we investigated the mRNA expression changes of
mitochondria–ER contacts regulatory adapter proteins, such
as Bcl-2-associated X protein (BAX), Bcl-2-like1 (BCL2L1),
B-cell lymphoma 2 (BCL2), glucose-regulated protein 75
(GRP75), and TGM2. However, high glucose only stimu-
lated TGM2 mRNA expression, which was reversed by
urolithin A pretreatment (Fig. 3g) [20–22, 37]. This TGM2
induction by high glucose was suppressed by MitoTEMPO
pretreatment (Supplementary Fig. 4). We confirmed the
inhibitory effect of urolithin A pretreatment on high
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glucose-induced TGM2 expression in both SH-SY5Y and
iPSC-ND cells (Fig. 3h, i). In addition to urolithin A-
inhibited TGM2 expression, it also decreased high glucose-

induced TGM2 activity in SH-SY5Y cells (Fig. 3j). In
mouse brain samples, urolithin A injection significantly
decreased STZ-induced TGM2 expression in both the
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Fig. 2 Effect of urolithin A on amyloidogenesis in neuronal cells
under high glucose condition. a SH-SY5Y cells were treated with
100 nM of ellagic acid, urolithin A, B, C, and D for 30 min prior to
high glucose exposure (25 mM of D-glucose) for 48 h. Amyloid beta
(Aβ) concentration in culture medium was calculated by using high-
sensitive Aβ ELISA, n= 4. b iPSC-ND cells were treated with uro-
lithin A (100 nM) for 30 min prior to high glucose exposure for 48 h.
Aβ concentration in media supernatant was determined by high-
sensitive Aβ ELISA kit. Aβ concentration levels of each group were
presented as percentage of control, n= 5. c, d APP and BACE1
protein expressions were detected by western blot analysis. c SH-
SY5Y and d iPSC-ND cells were exposed to urolithin A for 30 min
prior to high glucose treatment for 24 h, n= 4–5. e, f SH-SY5Y cells
were treated with Ru360 (1 μM) or MitoTEMPO™ (1 μM) for 30 min
prior to high glucose treatment for 24 h. APP and BACE1 protein
expressions were detected by western blot analysis. β-Actin was used
as a loading control, n= 4–5. g–i Normal and STZ-induced diabetic

mice were delivered vehicle (0.5 mM NaOH) or urolithin A solution
(2.5 mg/kg) via intraperitoneal injection for 8 weeks, n= 6–10. g Body
weight of the mice was measured at the timepoint of initial urolithin A
injection (0 week) and final injection (8 weeks). h Blood glucose
levels of the mice were evaluated in each experimental group. i The
memory function of each group of mice was assessed with sponta-
neous alternation test (Y-maze). The percentage of spontaneous
alternation of entering the other side of the arm and total duration time
was analyzed. j, k Brain tissue of mice were divided into the two part
as prefrontal cortex (left) and hippocampus (right) at the termination of
experiment. j The expression levels of APP, BACE1, and p-Tau (S262
and S396) were analyzed by western blot analysis, n= 4. k Aβ con-
centration levels of the mice brain tissue were measured with high-
sensitive Aβ ELISA kit. Left panel is the result from the prefrontal
cortex tissue, and right panel is the result from the hippocampus, n=
5. Quantitative data are shown as a mean ± S.E.M. *p < 0.05.

188 H. J. Lee et al.



prefrontal cortex and hippocampus tissues (Fig. 3k). Taken
together, urolithin A inhibited TGM2 expression, which is
critical for the suppression of IP3R1–VDAC1 interactions
in neuronal cells exposed to a high glucose environment. To
determine the role of TGM2 in mitochondria–ER contacts

and amyloidogenesis under high glucose, we investigated
the effects of TGM2 silencing in SH-SY5Y cells. We
observed that TGM2 silencing abolished the high glucose-
increased co-localization of MitoTracker-positive fluores-
cence and ER-Tracker-positive fluorescence in SH-SY5Y
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Fig. 3 Effect of urolithin A in MAM-regulated mitochondrial
calcium under high glucose condition. a The mRNA expression
levels of VDAC1, MCU1, MICU1, MICU2, MCUR1, and MCUB were
analyzed in the SH-SY5Y cells treated with vehicle or high glucose for
24 h by using qPCR, n= 4. b–i SH-SY5Y cells pretreated with uro-
lithin A (100 nM) for 30 min prior to high glucose exposure for 24 h.
b The mRNA expression levels of VDAC1 and MCU1 was quantified
by qPCR, n= 3. c Protein expression levels were analyzed by western
blot by using anti-VDAC1 and anti-MCU1 antibodies, n= 4. d Phy-
sical association of mitochondria and ER was visualized by the
staining of MitoTracker (green), ER-tracker (red), and Hoechst 33342
(blue). Merged images are shown and representative. n= 5. Magnifi-
cation ×1,000. Scale bars are 8 μm. e Co-immunoprecipitation of
IP3R1 and IP3R3 with IgG or VDAC1 antibodies are shown in left
panel. Total protein expression of IP3R1, IP3R3, VDAC1 and β-Actin
are shown in right panel, n= 4. f Interaction between VDAC1 and

IP3R1 (VDAC1-IP3R1, red) in SH-SY5Y cells was assessed by PLA
assay. n= 6. Magnification ×1,000. Scale bars are 8 μm. g The mRNA
expressions of BAX, BCL2L1, BCL2, GRP75, and TGM2 in SH-SY5Y
cells were analyzed by qPCR. Normalization was achieved by 18s
rRNA expression levels, n= 5. h TGM2 protein expression in SH-
SY5Y cells was analyzed by western blot in cells treated urolithin A
for 30 min prior to high glucose exposure for 24 h, n= 4. i TGM2
protein expression was analyzed in iPSC-ND treated with urolithin A
(100 nM) for 30 min prior to high glucose exposure for 24 h, n= 4.
j TGM2 activity was evaluated in the SH-SY5Y cells treated urolithin
A (100 nM) for 30 min prior to high glucose exposure for 24 h with
TGM2 activity assay kit, n= 5. k Prefrontal cortex and hippocampus
tissues were dissected from the STZ-induced diabetic mice treated with
vehicle or urolithin A. TGM2 expression was analyzed by western
blot analysis, n= 4. Quantitative data are shown as a mean ± S.E.M.
*p < 0.05.
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cells (Fig. 4a). In co-immunoprecipitation and PLA
experiments, TGM2 silencing downregulated high glucose-
induced IP3R1–VDAC1 interactions (Fig. 4b, c). High
glucose-induced mitochondrial calcium and mtROS levels
in SH-SY5Y cells were suppressed by TGM2 silencing
(Fig. 4d, e). Furthermore, TGM2 silencing prevented high
glucose-induced Aβ secretion, as well as APP and BACE1
expression (Fig. 4f, g). Based on these findings, urolithin A-
normalized high glucose-induced TGM2 expression hinders

IP3R1–VDAC1 interactions, which leads to the suppression
of mitochondrial calcium influx and mtROS accumulation
under high glucose.

Role of urolithin A-mediated AIP–AhR complex
disruption in high glucose-induced TGM2 expression

We identified the mechanism of how urolithin A suppresses
high glucose-induced TGM2 expression. We observed that
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Fig. 4 Role of TGM2 in high glucose-induced MAM formation and
amyloidogenesis. a–f SH-SY5Y cells were transfected with TGM2
siRNA (25 nM) or NT siRNA (25 nM) prior to high glucose exposure
for 24 h. a Physical association of mitochondria and ER was visualized
by the staining of MitoTracker (green), ER-tracker (red), and Hoechst
33342 (blue). Merged images are shown and representative, n= 5.
Magnification ×1,000. Scale bars are 8 μm. b Co-immunoprecipitation
of IP3R1 and TGM2 with anti-IgG or -VDAC1 antibodies are shown
in left panel. Total protein expression of IP3R1, VDAC1, TGM2, and
β-Actin are shown in right panel, n= 4. c Interaction between VDAC1
and IP3R1 (VDAC1-IP3R1, red) in SH-SY5Y cells was assessed by
PLA assay, n= 5. Magnification ×1,000. Scale bars are 8 μm.
d Mitochondrial calcium levels were measured by staining the cells

with rhod-2 fluorescent dye (2 μM) for 20 min, and rhod-2-positive
cells were analyzed with flow cytometer. Unstained cells were used as
a negative control, n= 6. e The mtROS levels were evaluated with
MitoSOX fluorescent dye (1 μM) for 20 min MitoSOX-positive cells
were analyzed with flow cytometer. Antimycin A (10 μM) was used
for inducing mtROS accumulation to make a positive control for
analysis. All flow cytometer figures are representative, n= 4. f APP,
BACE1, and TGM2 protein expressions in SH-SY5Y cells were
analyzed by western blot, n= 5. g Aβ concentration levels of the cell
culture media originated from the cells transfected with TGM2 siRNA
or NT siRNA prior to high glucose exposure for 48 h were measured
with high-sensitive Aβ ELISA kit, n= 5. Quantitative data are shown
as a mean ± S.E.M. *p < 0.05.
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the protein expression level of aryl hydrocarbon receptor
(AhR) was increased in 24 and 48 h of high glucose treat-
ment, but not AhR-interacting protein (AIP) was not
increased (Fig. 5a). Then, we determined the effect of
urolithin A on the mRNA expression of AhR regulatory
adapter proteins, such as prostaglandin E synthase 3
(PTGES3), AIP, and heat shock protein 90 α family class A
member 1 (HSP90AA1), in SH-SY5Y cells under high
glucose. However, high glucose and urolithin A did not
affect their mRNA or protein expression of AIP in SH-
SY5Y cells (Supplementary Fig. 5A, B). We found that
high glucose increased the nuclear AhR expression level,
which was reversed by urolithin A pretreatment (Fig. 5b, c).
High glucose-induced TGM2 mRNA and protein expression
levels were inhibited by pretreatment with the AhR inhibitor
CH-223191 (Fig. 5d, e). In addition, high glucose sig-
nificantly inhibited the interaction between AhR and AIP,
which was recovered by urolithin A pretreatment (Fig. 5f,
g). These findings indicate that urolithin A inhibits high
glucose-activated AhR signaling by disrupting the forma-
tion of the AIP–AhR complex to suppress TGM2
expression.

Protective effects of urolithin A and TGM2 silencing
on Aβ-stimulated mitochondrial calcium influx,
mtROS accumulation, Tau phosphorylation, and
neuronal cell death

Next, we investigated the effect of urolithin A on Aβ-
stimulated mitochondrial calcium influx, mtROS accumu-
lation, and neuronal cell death. Aβ treatment significantly
increased the LDH release level in SH-SY5Y cells at 48 and
72 h (Fig. 6a). In SH-SY5Y and iPSC-ND cells, urolithin A
pretreatment inhibited Aβ-increased mitochondrial calcium
levels (Fig. 6b, c). We confirmed that urolithin A pretreat-
ment prevented Aβ-induced mtROS accumulation in SH-
SY5Y and iPSC-ND cells (Fig. 6d, e). Furthermore, uro-
lithin A pretreatment prevented LDH release from SH-
SY5Y cells treated with Aβ for 72 h (Fig. 6f). We further
investigated the effect of TGM2 silencing on Aβ-treated
neuronal cells and APP Swedish mutant SK-N-MC cells
(APPSwe) secreting Aβ. TGM2 silencing decreased Aβ-
reduced mitochondrial calcium levels in SH-SY5Y cells
(Fig. 7a). TGM2 silencing or urolithin A pretreatment
decreased Aβ-increased mitochondrial calcium levels in
APPSwe cells (Fig. 7b). In addition, TGM2 silencing
inhibited Aβ-induced mtROS accumulation in SH-SY5Y
(Fig. 7c) and APPSwe cells transfected with TGM2 siRNA
showed lower mtROS levels than NT siRNA transfected
APPSwe cells (Fig. 7d). Urolithin A pretreatment also
suppressed Aβ-induced mtROS accumulation in APPSwe
cells (Fig. 7d). TGM2 silencing significantly depho-
sphorylated Aβ-stimulated Tau phosphorylation (Fig. 7e).

In APPSwe cells, both TGM2 silencing and urolithin A
pretreatment decreased Tau phosphorylation (Fig. 7f). The
LDH release levels in SH-SY5Y cells with Aβ treatment
were also decreased by TGM2 silencing (Fig. 7g). Collec-
tively, our data suggest that urolithin A pretreatment and
TGM2 silencing prevents Aβ-induced mitochondrial cal-
cium influx, mtROS accumulation, Tau phosphorylation,
and cell death in neuronal cells.

Discussion

We highlight the inhibitory effect of urolithin A on
TGM2-mediated mitochondrial calcium influx, which
alleviates high glucose-stimulated amyloidogenesis and
neuronal degeneration. The production of Aβ under high
glucose conditions has been mainly focused on APP
processing, but our study showed the relationship between
mitochondrial calcium influx and amyloidogenesis under
high glucose conditions [5]. In addition, we identified a
potent metabolite that is found in the human gut micro-
biome. First, the present study revealed that nanomolar
concentration of urolithin A (100 nM) regulated mito-
chondrial calcium influx, mtROS accumulation, amyloi-
dogenesis, and neuronal cell death under high glucose. It
has been reported that urolithins circulate in blood plasma
at a concentration in the range of 0.2–20 μM after the
ingestion of ellagic acid [25]. In an urolithin production
study with two human fecal samples, the urolithin A
production rate was shown to be dependent on individual
fecal microflora composition [38]. Previous studies have
shown that urolithin A treatment controlled cellular bio-
logical functions, including autophagy, inflammation, and
apoptosis, which may be cell-type specific. Indeed, sev-
eral researchers showed that sub-micromolar and micro-
molar concentrations of urolithin A stimulated autophagy,
apoptosis, and cell cycle arrest in colorectal cancer cells
[39, 40]. Conversely, other researchers reported the anti-
oxidative and protective effects of urolithin A treatment in
neuronal cell lines [33, 34]. Furthermore, urolithin A
treatment inhibited TNFα production and
lipopolysaccharide-stimulated macrophage polarization
[29, 41]. These findings suggest that urolithin A has anti-
oxidative and anti-inflammatory potential in neuronal
cells. High glucose-induced protein glycation is asso-
ciated with the progression of general complications in
diabetes [42]. Also, it has been reported that urolithin A
has an anti-glycation effect on neuronal cells [33]. How-
ever, O-GlcNAcylation inhibition by an O-GlcNAcase
inhibitor does not affect high glucose-induced oxidative
stress or mitochondrial dysfunction [43]. Considering that
the O-GlcNAcylation of proteins is a major risk factor
inducing mitochondrial dysfunction, those findings
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Fig. 5 Effect of urolithin A on inhibition of TGM2 expression via
formation of AIP–AhR transcriptomal complex. a SH-SY5Y cells
were treated with high glucose for 0, 24, and 48 h. AhR and AIP
expressions were analyzed by western blot analysis, n= 4. b Cells
treated with urolithin A (100 nM) for 30 min prior to high glucose (25
mM) exposure for 24 h. Subcellular fractions of cytosol and nucleus
were analyzed with western blot analysis. AhR expression level was
analyzed with anti-AhR antibody. The anti-α-tubulin (cytosol) and
-Lamin A/C (nucleus) antibodies were used for confirmation of frac-
tionization, n= 4. c Nuclear localization of AhR was confirmed in the
cells treated with urolithin A (100 nM) for 30 min prior to high glucose
(25 mM) exposure for 24 h. Cells stained with AhR (green) antibody
and DAPI (blue) were visualized and merged images are shown and

representative, n= 5. Magnification ×1,000. Scale bars are 8 μm.
d, e Cells treated with CH-223191 (10 μM) for 30 min prior to high
glucose exposure for 24 h. d TGM2 mRNA expression level was
analyzed by using qPCR, n= 5. e TGM2 protein expression level was
analyzed by western blot. β-Actin was used as loading control, n= 4.
f, g Cells treated with urolithin A (100 nM) for 30 min prior to high
glucose (25 mM) exposure for 24 h. f Co-immunoprecipitation of AIP
with anti-IgG or -AhR antibodies are shown in left panel. Total protein
expression of AIP, AhR, and β-Actin are shown in right panel, n= 4.
g Interaction between AIP and AhR (AIP–AhR, red) in SH-SY5Y
cells was assessed by PLA assay, n= 5. Magnification ×1,000.
Scale bars are 8 μm. Quantitative data are shown as a mean ± S.E.M.
*p < 0.05.

192 H. J. Lee et al.



suggest that urolithin A-inhibited protein glycation is not
associated with anti-oxidative stress in neuronal cells
under high glucose [44].

The present study demonstrates that high glucose
increases the mRNA and protein expression of VDAC1 and
MCU1, but urolithin A pretreatment does not alter their
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Fig. 6 Protective effects of urolithin A on Aβ-induced mitochon-
drial calcium influx, mtROS accumulation, and neuronal cell
death. a LDH release assay was performed in the SH-SY5Y cells
treated with Amyloid beta (Aβ) (1–42) for 24, 48, and 72 h, n= 6.
b SH-SY5Y cells treated with urolithin A (100 nM) for 30 min prior to
high glucose exposure for 24 h. Mitochondrial calcium levels were
measured by staining the cells with rhod-2 fluorescent dye (2 μM) for
20 min, and rhod-2-positive cells were analyzed with flow cytometer.
Unstained cells were used as a negative control and ionomycin
(2 μM) treated cells were used for a positive control, n= 4. c iPSC-ND

treated with urolithin A (100 nM) for 30 min prior to high glucose
exposure for 24 h. rhod-2 stained cells were measured by flow cyt-
ometer, n= 4. d, e MitoSOX-positive SH-SY5Y and iPSC-ND cells
were analyzed with flow cytometer. Antimycin A (10 μM) was used
for inducing mtROS accumulation to make a positive control for
analysis, n= 4. All flow cytometer figures are representative. f LDH
release assay was performed in the SH-SY5Y cells treated with uro-
lithin A for 30 min prior to Aβ (1–42) for 72 h, n= 5. Quantitative data
are shown as a mean ± S.E.M. *p < 0.05.
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expression in SH-SY5Y cells. Consistent with our results,
increased mPTP, mitochondrial calcium influx from the ER
in a high glucose environment, and DM models have been
well documented [23, 24, 45]. Previous researchers reported
that high glucose conditions stimulated the expression of
VDAC1, MCU1, and MCUR1, which are critical for
mitochondrial calcium influx, migration, and apoptosis of
vascular endothelial cells and T2D islets [13, 24]. Con-
versely, it has been reported that MCU plays a key role in
mitochondrial calcium influx and mtROS accumulation,
although high glucose treatment did not affect MCU
expression in HepG2 cells [23]. Other researchers found
that MICU1 downregulation by Sp1 signaling contributed
to diabetic cardiomyopathy in db/db mice [46]. Taken

together, the present and previous findings indicate that the
effect of high glucose on the expression of mitochondrial
calcium influx regulatory proteins is cell-type specific.
Several studies demonstrated the intracellular calcium reg-
ulatory potential of urolithins in various types of cells.
Urolithin A-activated miR-10a-5p decreased Orai1 mRNA
expression, which inhibited intracellular calcium entry in
murine CD4+ cells [47]. In addition, urolithin C activated
L-type calcium channel opening for glucose-stimulated
insulin secretion [48]. We first showed a suppressive effect
of urolithin A on mitochondrial calcium influx from the ER
involving mtROS accumulation in neuronal cells under high
glucose. However, we found that urolithin A did not affect
the expression of mitochondrial calcium influx regulating
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Fig. 7 Role of TGM2 in Aβ-induced mitochondrial calcium over-
load, mtROS accumulation, tau phosphorylation, and neuronal
cell death. a–d SH-SY5Y cells were transfected with TGM2 siRNA or
NT siRNA prior to Aβ exposure for 48 h. APPSwe cells were trans-
fected with TGM2 siRNA or NT siRNA and then cells were treated
urolithin A for 48 h. a, b rhod-2-positive cells were analyzed by flow
cytometer, n= 4. c, d MitoSOX-positive cells were quantified by flow
cytometer, n= 4–5. e Tau phosphorylation levels at S262 and S396

were investigated in the SH-SY5Y cells transfected with TGM2 siRNA
or NT siRNA prior to Aβ exposure for 24 h, n= 3. f Tau phosphor-
ylation levels at S262 and S396 in the APPSwe cells transfected with
TGM2 siRNA or NT siRNA prior to exposure urolithin A for 24 h,
n= 3. g LDH release in the cells transfected with TGM2 siRNA or NT
siRNA prior to Aβ (1–42) for 72 h was investigated, n= 6. Quanti-
tative data are shown as a mean ± S.E.M. *p < 0.05.
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proteins, such as VDAC1, MCU1, MICU1, MICU2,
MCUR1, and MCUB, in neuronal cells under high glucose.
Indeed, GRP75 antagonist pretreatment or TGM2 deletion
significantly prevented mitochondrial calcium overload
without the changes of VDAC1 and MCU1 expressions
[20, 22]. Based upon previous and present findings, we
suggest that urolithin A-reduced mitochondrial calcium
influx is independent on high glucose-increased VDAC1
and MCU1 expression levels. Furthermore, we demon-
strated that urolithin A-suppressed mitochondrial calcium
influx alleviated high glucose-stimulated Aβ production by
downregulating APP and BACE1 expression. Also, our
in vivo data showed that urolithin A alleviated the expres-
sion of APP and BACE1, cognitive impairment, Tau
phosphorylation, and Aβ deposition in STZ-injected mice.
Consistent with our data, a previous study demonstrated that
urolithin A reduced neuronal apoptosis, Aβ deposition, and
cognitive impairment in an APPSwe/PS1 mouse model,
suggesting that urolithin A is a promising therapeutic AD
drug candidate [49]. In addition, we found that urolithin A
decreased blood glucose levels in control mice but not in
STZ-injected mice. A previous comparative study investi-
gating the gut microbiota in metabolic syndrome patients
reported an inverse correlation between urolithin A and
glucose levels [50]. Also, it was reported that urolithin A
injection for 12 weeks increased the insulin sensitivity in
high fat diet-ingested C57BL/6 mice [51]. Therefore, the
urolithin A-suppressed blood glucose levels in control mice
but not in STZ-injected mice are likely due to insulin
sensitivity.

To the best of our knowledge, there has been no study on
the regulatory effect of urolithin A on TGM2-mediated
mitochondrial calcium influx. Therefore, we demonstrate
for the first time that TGM2 plays a critical role in urolithin
A-induced mitochondria–ER contacts disruption in neuro-
nal cells under high glucose. TGM2 is a multifunctional
transamidating acyltransferase that catalyzes calcium-
dependent posttranslational modifications inducing protein
cross-linking, glutamine deamination, polyamines incor-
poration, and guanosine triphosphate hydrolysis [52–55].
Recently, Manuela D’Eleto et al. reported that TGM2 plays
a key role in assembling the IP3R–GRP75–VDAC1 com-
plex, which leads to MAM protein profile conversion and
calcium influx from the ER to mitochondria [22]. Down-
regulation of the interaction between TGM2 and GRP75
decreased the number of ER-mitochondria contract sites and
mitochondrial calcium influx through an increase of the
interaction between IP3R and GRP75 [22]. TGM2 knockout
cell line exhibited decreased mitochondrial calcium uptake
level, which indicates that reduction of TGM2 expression
without regulation of GRP75 expression is sufficient for
mitochondrial calcium influx from ER [22]. Although uro-
lithin A does not alter the expression level of GRP75, these

findings suggest that urolithin A-inhibited TGM2 expres-
sion decreases the interaction between GRP75 and IP3R
leading to an impairment of the mitochondrial calcium
influx from ER. In addition, there are several reports
showing the physiological role of hyper-activated TGM2 in
DM-associated complications related to the small resistance
arteries, and kidneys [56, 57]. Consistently, our data also
showed the upregulated expression of TGM2 in high
glucose-treated neuronal cells, as well as in the hippo-
campus and prefrontal cortex of STZ-injected mice, which
were abolished by urolithin A injection. Therefore, those
findings suggest that TGM2 may be a promising therapeutic
target for the prevention and treatment of hyperglycemia-
related AD.

We showed that urolithin A inhibited TGM2 expression
through high glucose-activated AhR signaling both in vitro
and in vivo. Consistent with our data, a previous study
reported that high glucose conditions stimulated the tran-
scriptional activation of AhR through the formation of the
Egr-1/AP-2/AhR complex [58]. In addition, it was docu-
mented that urolithin A acted as an AhR antagonist. A
previous competitive binding assay study suggested that
urolithin A competed with indole to directly bind to AhR
[59]. These findings suggest a possibility that urolithin A
plays a regulatory role in high glucose-induced TGM2
expression. However, other previous reports have shown an
inhibitory role of AhR in TGM2 expression. For example,
the upregulation of TGM2 activity was reported in liver
tissues of AhR null mice, and treatment with an AhR
activator 2,3,7,8-tetrachlorodibenzo-p-dioxin inhibited
TGM2 expression in malignant human keratinocytes [60].
Furthermore, treatment with urolithin A or the synthetic
urolithin A analog urolithin AS03 stimulates AhR expres-
sion and enhances the barrier function of the gut by indu-
cing the expression of tight junction regulatory proteins,
such as claudin 4 and occludin [61]. Because there has been
no report identifying the role of AhR in urolithin A-
regulated TGM2 expression in neuronal cells, additional
studies will be needed to determine the distinctive effect of
urolithin A on TGM2 expression in various types of cells,
including neuronal cells. Furthermore, we demonstrated that
inhibiting the interaction between AIP and AhR under high
glucose was critical for TGM2 expression, which was
reversed by urolithin A pretreatment. Previous researchers
showed that AIP stimulated AIP–AhR–HSP90 complex
formation, which led to the cytosolic localization of AhR by
inhibiting the interaction of AhR with importin β [62–64].
Therefore, AIP–AhR interaction is the key for the regula-
tion of TGM2 expression by urolithin A in neuronal cells
under high glucose.

We also showed the inhibitory effect of urolithin A on
the Aβ-induced mtROS accumulation promoted by TGM2
expression. A recent study provided evidence of the
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upregulation of mitochondria–ER contacts in live hippo-
campal neurons from APP transgenic rats coupled with
impaired mitochondrial functions [65]. The increased
number of mitochondria–ER contacts in AD models is
associated with the accumulation of Aβ plaques and neu-
rofibrillary tangles [16, 66]. Also, impaired mitochondrial
calcium efflux precedes disease pathogenesis in a 3xTG-AD
mouse model [17]. In addition, Aβ oligomers increased
mitochondrial calcium influx from the ER in neurons [67].
According to previous reports, TGM2 stimulated the for-
mation of insoluble toxic amyloid aggregates, which exa-
cerbated the pathogenesis of AD [68]. A significant increase
in TGM2-induced ε-(γ-glutamyl) lysine bonds in paired
helical filament Tau were observed in the postmortem
brains of AD patients [69]. Consistent with these findings,
our data also showed TGM2 upregulation by Aβ treatment
in SH-SY5Y cells. Furthermore, we demonstrated that
TGM2 silencing or urolithin A treatment significantly pre-
vented Aβ-induced mitochondrial calcium influx, mtROS
accumulation, Tau phosphorylation, and apoptosis of neu-
ronal cells, suggesting that urolithin A-mediated
TGM2 suppression is a promising therapeutic strategy for
AD patients.

In conclusion, we demonstrated that urolithin A inhibited
AhR-mediated TGM2 expression, suppressing mitochon-
drial calcium influx through the disruption of
mitochondria–ER contacts, which alleviated mtROS accu-
mulation and amyloidogenesis in neuronal cells under high
glucose (Fig. 8). To the best of our knowledge, the present
study is the first to identify urolithin A-mediated mito-
chondrial calcium regulatory effects on high glucose-
induced Aβ production and neuronal degeneration. Fur-
thermore, we show that TGM2 plays a key role in urolithin
A-regulated mitochondrial calcium influx and demonstrate a
detailed mechanism of the inhibition of high glucose-
stimulated TGM2 expression by urolithin A treatment.
Therefore, our findings provide new insights into the uro-
lithin A-based therapeutic strategy for the prevention and
treatment of DM-associated AD pathogenesis.

Materials and methods

Materials

The neuroblastoma cell line SH-SY5Y was purchased from
the Korean Cell Line Bank (Seoul, Korea). The SK-N-MC
neuroblastoma cell line stably expressing the Swedish
mutation (K595N/M596L) of the amyloid precursor protein
(APPSwe) was kindly provided by Dr. KI Park (Yonsei
University, Seoul, Korea). Fetal bovine serum (FBS) was
purchased from Hyclone (Logan, UT, USA), respectively.
Urolithin A (SML1791), urolithin B (SML1649), ellagic

acid (E2250), D-glucose (G7021), hydrogen peroxide
(H2O2), carbonyl cyanide m-chlorophenyl hydrazone
(CCCP, C2759), Ru360 (557440), antimycin A, CH-
223191 (C8124), streptozotocin (S0130), and ionomycin
(I0634) were obtained from Sigma-Aldrich (St. Louis,
USA). Urolithin C (U847015) and urolithin D (U847020)
were purchased from Toronto research chemicals (North
York, ON, Canada); a lyophilized powder of amyloid beta
(Aβ1–42) was purchased from Lugen Sci (Bucheon, Korea);
and Aβ oligomerization was performed according to a
previous report [70]. The PCR primers for VDAC1, MCU1,
MICU1, MICU2, MCUR1, MCUB, BAX, BCL2L1, BCL2,
GRP75, TGM2, PTGES3, AIP, HSP90AA1, and 18s rRNA
were synthesized by Bioneer (Daejeon, Korea). Small
interfering RNAs (siRNAs) for TGM2 and a non-targeting
(NT) siRNA were purchased from Bioneer. IP3R (ab5804),
APP (ab32136) and BACE1 (ab2077) antibodies were
obtained from Abcam (Cambridge, UK), p-Tau S396 (sc-
101815), Tau (sc-390476), VDAC1 (sc-390996), α-tubulin
(sc-32293), lamin A/C (sc-20681), and β-Actin (sc-47778)
antibodies were acquired from Santa Cruz (CA, USA).
MCU1 (D2Z3B), TGM2 (D11A6), and AhR (D5S6H)
antibodies were bought from Cell Signaling Technology
(MA, USA). IP3R3 (NBP1-21399) and AIP (NB100-127)
were delivered from Novus Biologicals (CO, USA). p-Tau
S262 (44–750G) antibody was acquired from Thermo
Fisher (Waltham, MA, USA). 4′,6-Diamidino-2-Pheny-
lindole, Dihydrochloride (DAPI) (D1306) was also

β

Fig. 8 The schematic model for action mechanism of urolithin A
on high glucose-induced neuronal amyloidogenesis by modulating
TGM2-dependent ER-mitochondria contacts and calcium influx.
High glucose induces neuronal degeneration and amyloidogenesis via
mitochondrial calcium influx and mtROS accumulation. High glucose
disrupts AhR–AIP complex and MAM formation. Urolithin A inhibits
AhR nuclear translocation under high glucose exposure. Urolithin A
reduces high glucose-induced AhR-mediated transcription of TGM2,
which is critical for IP3R1–VDAC1 interactions. Conclusively, uro-
lithin A-mediated suppression of TGM2 expression prevents the
neuronal degeneration and Aβ production under high glucose
conditions.
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purchased from Thermo Fisher. To avoid the oxidation of
chemicals, all materials were prepared fresh at the moment
of use. All reagents were of the highest purity available.

Cell culture

SH-SY5Y cells were cultured in high glucose Dulbecco’s
Modified Eagle Medium (DMEM) provided by Thermo
Fisher, which was supplemented with a 1%
penicillin–streptomycin solution (Gibco, Grand Island, NY,
USA) and 10% FBS (Hyclone, Logan, UT, USA). APPSwe
SK-N-MC cells were cultured in high glucose DMEM
containing a 1% penicillin–streptomycin solution and 10%
FBS. Cells were grown in 60 mm dishes, 100 mm culture
dishes, or a 96-well plate (Corning, NY, USA) in an incu-
bator (37 °C, CO2 5%, and air 95%). When the cells reached
80% confluency, the culture medium was replaced with
serum-free low-glucose DMEM for 24 h for starvation.
After incubation, the cells were incubated in serum-free
low-glucose DMEM supplemented with the indicated
agents for the designated treatment time. To generate a high
glucose condition, confluent cells were treated with 25 mM
D-glucose.

Neuronal differentiation from iPSCs

The iPSCs were obtained from Kangstem Biotech (Seoul,
Korea). iPSCs were cultured on recombinant human vitro-
nectin (rhVTN, A14700, Thermo Fisher)-coated plates. For
neuronal stem cell induction, we used PSC neural induction
medium (A1647801, Thermo Fisher). After neuronal dif-
ferentiation from iPSCs, we plated neural stem cells (NSCs)
on laminin- (23017, Thermo Fisher) and poly-L-ornithine
(Sigma, P3655)-coated dishes. For neural differentiation,
NSCs were cultured in Neurobasal medium (21103, Thermo
Fisher) with the serum-free supplement B27 (17504,
Thermo Fisher) and GlutaMax (35050, Thermo Fisher) for
10 days. To enhance neural differentiation, dibutyryl-cAMP
(D0627, Sigma) was added to the neural differentiation
medium between days 7 and 10.

LDH cytotoxicity assay

Cell concentration was optimized following the protocol
provided in the LDH release assay kit (EZ-LDH,
DoGenBio, Seoul, Korea, DG-LDH500). SH-SY5Y cells
were then seeded at a density of 1 × 104 cells/well in a 96-
well plate. The media was replaced with serum-free low-
glucose DMEM once the cells reached 90% confluency.
After centrifugation of the plate at 600 × g, the super-
natant was collected and incubated with the LDH assay
mixture at room temperature (RT) for 30 min. The LDH
release level was analyzed by measuring the optical

density at 450 nm with an Epoch 2 spectrophotometer
(BioTek, VT, USA).

Water soluble tetrazolium salt (WST-1) cell viability
assay

The viability of SH-SY5Y cells were measured with the
WST-1 cell viability assay (EZ-Cytox™; Daeil Labservice,
Seoul, Korea, # EZ-1000). Cells were cultured in 96-well
plates until 80% confluency, and then, the growth media
was changed with serum-free low-glucose DMEM. Uro-
lithin A (100 nM) or hydrogen peroxide (H2O2; 100 μM)
was added to the cells for 30 min before D-glucose treat-
ment for 72 h. Cells were incubated in 10 μl of EZ-Cytox™

reagent in 100 μl of DMEM for 30 min at 37° C. The
absorbance at 450 nm was measured with an Epoch
2 spectrophotometer.

Measurements of mtROS and calcium and the
mitochondrial permeability transition pore assay

MitoSOX Red (Thermo Fisher, M36008) and rhod-2
(Thermo Fisher, R1244) were used to determine the level
of intracellular ROS, mtROS, and mitochondrial calcium.
The level of mPTP opening was analyzed by using Calcein
AM (Thermo Fisher, C1430) to determine cell death by
measuring mPTP opening. CoCl2 (400 μM) was added to
quench the cytosolic calcium. Each experiment was per-
formed using a Cytoflex flow cytometer (Beckman Coulter,
FL, USA), and the results were obtained by comparing the
percentage of cells with high fluorescence intensity.

Experimental design of the animal study

The protocol for our animal study was approved by the
Institutional Animal Care and Use Committee of Seoul
National University (SNU-190801-4-1). Nine-week-old
male CrljOri:CD1(ICR) mice were delivered from Orient-
Bio (Korea). After measuring the weight of each mouse,
they were housed for 3 days in controlled specific pathogen-
free conditions of 22 °C, 70% relative humidity, a 12 h
light: dark cycle, and had unlimited access to a normal diet
and water. Animals were assigned to control and experi-
mental groups through single-blind randomized controlled
trial to eliminate bias. STZ was dissolved in 0.05M citrate
buffer, and mice received intraperitoneal injections of STZ
(75 mg/kg/day) or citrate buffer (0.05 M) in a total volume
of 200 μl for 3 days. All mice were given 10% sucrose water
for 7 days to limit the possibility of low-glucose shock in
STZ-injected mice. Blood was taken from the tail, and
blood glucose levels were determined 7 days after the STZ
injection by using a blood glucose meter (Accu-Chek,
Roche Diagnostics, Indianapolis, IN). Urolithin A was
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dissolved in 0.5 mM NaOH in PBS. Daily intraperitoneal
injections of urolithin A (2.5 mg/kg/day) or 0.5 mM NaOH
in a 200 μl volume were administered for 8 weeks. Mice
were monitored twice a day during all experiments. After
8 weeks of urolithin A or vehicle treatment, the body weight
of each mouse was measured, and the blood glucose level in
tail blood was measured.

Y-maze spontaneous alternation test

STZ-induced diabetic mice and normal mice were injected
with urolithin A (2.5 mg/kg/day) or vehicle for 8 weeks.
Before the Y-maze spontaneous alternation test, the mice
were accommodated in the testing room for 3 h to reduce
the effects of external environmental stimuli or uninten-
tional stress on their behavior. First, mice were positioned in
the Y-maze apparatus (Samjung, Seoul, Korea). Next, the
mice were given the chance to explore the Y-maze for 8
min, and the movements of the mice were recorded by using
a video camera. The number of section accesses and triads
were counted to evaluate the percentage of alternations,
especially, it was counted just in case of all limbs were
within the arm field of Y-maze. The alternation number
represents the total alternations divided by the number of
triads.

Transglutaminase 2 activity measurement

Transglutaminase (TGM) 2 activity assay kit was purchased
from Biovision (Mountain View, CA, USA, K571). All
procedure was followed by the supplier’s protocol. TGM2
activity assay kit applies the production of a hydroxamate
product from its deamidation activity. The hydroxamate
finally formed a purple complex with stop solution and
optical absorbance was measured at 525 nm with microplate
reader. TGM2 activity was normalized by total protein of
cell lysate sample.

Small interfering RNA (siRNA) transfection

SH-SY5Y cells were incubated with 25 nM of the indicated
siRNAs and the transfection reagent TurboFect (Thermo
Fisher, R0531) for 24 h without antibiotics. The medium
was changed to serum-free low-glucose DMEM. The
sequences for the siRNAs used in this study are described in
Supplementary Table S1. We confirmed that the siRNA
efficacies by real-time qPCR for TGM2 were at least 70%.
A NT siRNA was used as a control.

Real-time quantitative PCR

Cells were treated with high glucose or a vehicle for 24 h.
Cells were then washed with PBS twice and lysed with

buffer RL containing a 50X Dithiothreitol solution. Total
RNA was extracted using an RNA Extraction kit (Takara,
Japan, 9767) according to the manufacturer’s instructions.
Reverse-transcription PCR was conducted with 1 μg of
total RNA using a Maxime RT premix kit (iNtRON,
Sungnam, Korea, 25081). The cDNA was amplified using
a Maxime PCR PreMix Kit (iNtRON, 25165) and a
MyGenie 96 (Bioneer, Daejeon, Korea). The relative
mRNA expression level of the target gene was analyzed
using a Rotor-Gene 6000 device (Corbett Research,
Cambridge, UK) with the TB Green Premix Ex Taq
(TaKaRa, RR420A). The specificity, efficiency, and
fidelity of PCR primers for real-time quantitative PCR
were validated by checking PCR products and analyzing
the melting curves. Primer sequences are listed in Sup-
plementary Table S2. The relative mRNA expression
levels of VDAC1, MCU1, MICU1, MICU2, MCUR1,
MCUB, BAX, BCL2L1, BCL2, GRP75, TGM2, PTGES3,
AIP, and HSP90AA1 were analyzed by the delta–delta Ct
method. The 18s rRNA was used as a reference gene for
data normalization.

Western blotting and subcellular fractionation

Protein concentrations were determined by bicinchoninic
acid (BCA) Protein Assay kits (Pierce, Rockford, IL, USA,
23225). Sample proteins were resolved by SDS-PAGE gel
electrophoresis and transferred to PVDF membranes.
The membranes were incubated with the primary antibody
at 4 °C overnight. The specific bands were visualized by the
ChemiDoc XRS+ System (Bio-Rad, Richmond, CA,
USA). Subcellular fractionation was conducted to isolate
cytosolic and nuclear proteins. Cells were cultured in 100
mm dishes and treated with the indicated reagents. For the
preparation of cytosolic- and nuclear-fractionated samples,
the EzSubcell subcellular fractionation/extraction kit (Atto,
Tokyo, Japan, WSE-7421) was used. Cytosolic and nuclear
samples for western blot analysis were prepared according
to the manufacturer’s instructions; α-tubulin and lamin A/C
were used as cytosolic and nuclear protein markers,
respectively.

Enzyme-linked immunosorbent assay (ELISA) for Aβ
secretion

For the quantification of Aβ (1–42) in cell culture medium,
the Aβ 42 Human ELISA (Thermo Fisher, KHB3544) was
achieved according to the supplier’s protocols. SH-SY5Y
cells were cultured to grow until 80% confluency. Super-
natants were collected and ELISA was conducted. Mice
brain tissue samples of prefrontal cortex and hippocampus
were collected and lysed with RIPA buffer (ATTO, Tokyo,
Japan). The Aβ 42 Mouse ELISA (Thermo Fisher,
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KMB3441) was performed according to the supplier’s
instruction.

Immunocytochemistry

For immunocytochemistry, SH-SY5Y cells were fixed with
4% paraformaldehyde for 10 min and then incubated in
0.5% Tween-20 for 10 min. Cells were incubated with
primary antibodies in PBS containing 0.1% Tween-20
(PBST; 1:100 dilution) for 2 h and washed with PBS three
times. Cells were incubated with Alexa Fluor 488 or 555-
conjugated secondary antibodies in PBST (1:100 dilution)
for 1 h. Immunofluorescently stained samples were visua-
lized by a super-resolution radial fluctuation (SRRF) ima-
ging system (Andor Technology, Belfast, UK). Relative
fluorescence intensities of AhR/DAPI were quantified with
ImageJ software. For analyzing ER-mitochondrial contacts,
cells were treated with chemicals or transfected with TGM2
siRNAs, as indicated in the figure legends, and incubated
for 24 h. After washing the cells with PBS three times, cells
were incubated with MitoTracker green (200 nM) and
ER-Tracker (200 nM) in serum-free medium for 20 min at
37° C, and nuclei were stained with Hoechst 33342
(Thermo Fisher, 33342).

In situ proximity ligation assay

VDAC1/IP3R1 interactions were detected in situ using
Duolink II secondary antibodies and detection kits (Sigma-
Aldrich, DUO92001, DUO92005, and DUO92008)
according to the supplier’s protocols. Cells were fixed, and
PLA probe anti-VDAC1 and anti-IP3R1 antibodies were
applied. Then, secondary antibodies were added. If the
antibodies were in close proximity (<40 nm), they
ligated together. Polymerization and amplification solutions
were supplemented to amplify the signal (red) of the
closed circle and were visualized by SRRF microscopy.
DAPI was used to counterstain the nuclei. Fluorescence
images of negative control groups, such as no VDAC1
(IP3R1), no IP3R1 (VDAC1), and VDAC1-PACS2, were
presented in the supplementary information (Supplementary
Fig. 6).

Co-immunoprecipitation

SH-SY5Y cells transfected with NT or TGM2 siRNA were
treated with vehicle or D-glucose (25 mM) for 24 h and then
lysed with co-immunoprecipitation lysis buffer (20 mM
Tris–HCl pH 8.0, 137 mM NaCl, 1% Nonidet P-40, and 2
mM EDTA) containing a protease inhibitor cocktail for 30
min on ice. The concentration of protein in each lysate was
determined by a BCA quantification assay (Thermo Fisher,
23225). VDAC1 or rabbit IgG antibodies were immobilized

with protein G magnetic beads (Sure Beads, Bio-Rad, CA,
USA, 161–4021). The immobilized magnetic beads were
incubated with cell lysates for 6 h at 4 °C. Washed beads
were eluted with 20 mM glycine buffer (pH 2.0) for 5 min
and neutralized with 1M phosphate buffer and
laemmli sample buffer. Then, the protein samples were
boiled at 100 °C for 5 min.

Statistical analysis

All quantitative data were presented as the mean ± standard
error of the mean. Data were analyzed using SigmaPlot
12 software. The sample sizes for animal studies were
determined by SigmaPlot 12 software. Comparisons
between two experimental groups were performed using a
two-tailed Student’s t test. The means of multiple experi-
mental groups were compared using a one-way ANOVA,
followed by the Student–Newman–Keuls test for multiple
comparisons. A p value of <0.05 was considered statisti-
cally significant.
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