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a b s t r a c t

Hyperglycemia-mediated cardiac dysfunction is an acute initiator in the development of vascular com-
plications, leading to cardiac fibrosis. To investigate the effects of hyperglycemia-mediated changes in
cardiomyocytes, cells were cultured in-vitro under normoglycemic (5 mM or 25 mM D-glucose) and
hyperglycemic (5 / 50 mM or 25 / 50 mM D-glucose) conditions, respectively. After 24-h of hyper-
glycemic exposure, cells were collected for RNA-sequencing (RNA-seq) studies to further investigate the
differentially expressed genes (DEG) related to inflammation and fibrosis in samples cultured under
hyperglycemic-in comparison with normoglycemic-conditions. Western Blotting was done to evaluate
the protein expression of YAP1/TAZ under hyperglycemia induced stress conditions, as it is known to be
involved in fibrotic and vascular inflammatory-mediated conditions. RNA-seq revealed the DEG of
multiple targets including matrix metalloproteinases and inflammatory mediators, whose expression
was significantly altered in the 5 / 50 mM in comparison with the 25 / 50 mM condition. Western
Blotting showed a significant upregulation of the protein expression of the YAP1/TAZ pathway under
these conditions as well (5 / 50 mM). To further probe the relationship between the inflammatory
extracellular-signal-regulated kinase (ERK 1/2) and its downstream effects on YAP1/TAZ expression we
studied the effect of inhibition of the ERK 1/2 signaling cascade in the 5 / 50 mM condition. The
application of an ERK 1/2 inhibitor inhibited the expression of the YAP1/TAZ protein in the 5 / 50 mM
condition, and this strategy may be useful in preventing and improving hyperglycemia associated car-
diovascular damage and inflammation.

© 2023 Elsevier Inc. All rights reserved.
1. Introduction

In patients with diabetes mellitus, the presence of myocardial
dysfunction in the absence of well-known clinical cardiovascular
ailments such as a coronary artery or valvular disease, and other
conventional risk factors, such as hypertension and dyslipidemia,
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aterials, and Biomedical En-
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has led to the overall description and terminology for diabetic
cardiomyopathy (DCM). DCM is one of the major complications
caused by diabetes mellitus and is often linked to prolonged hy-
perglycemia in Type-II diabetes [1]. Some studies have suggested
that an important consequence of prolonged and pre-existing hy-
perglycemia is cardiomyocyte apoptosis, which can lead to the loss
of contractile cardiac tissue and initiate cardiac remodeling [2,3].
Consequently, the loss of ventricular cardiomyocytes, followed by
the hypertrophy of the remaining viable cardiomyocytes and the
development of cardiac dysfunction are the typical characteristics
of DCM [4]. However, the mechanisms by which hyperglycemia
induces myocardial apoptosis and cardiac dysfunction are not
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completely understood.
Hyperglycemia may induce the activation of reactive oxygen

species (ROS) through the stimulation of the glycation reaction and
electron transport chain in mitochondria in cardiac cells [5]. The
initiation of cardiac dysfunction leading to DCM is believed to be
associated with the incidence of such ROS species which act as key
signaling molecules and play an important role in the progression
of inflammatory cardiovascular disorders [6]. An enhanced ROS
generation due to inflammation can cause cardiac cell dysfunction
and tissue injury via the activation of pro-inflammatory mecha-
nisms [5,6]. In order to identify and isolate some of these selected
mechanisms, we developed an in vitro model of Hyperglycemia-
Induced Stress on human AC16 cardiomyocytes, in the present
study. For doing this, we exposed human AC16 cardiomyocytes to
varying doses of hyperglycemic treatments and performed RNA
sequencing (RNA-seq) and subsequent analysis. Differentially
expressed genes (DEGs) between the varying hyperglycemic con-
ditions were used to understand the effects on a human car-
diomyocyte cell model and evaluated. Gene Ontology (GO)
enrichment analysis was used to study and identify a selected set of
genes that were up-regulated under hyperglycemic conditions, in
comparison with control sets.

Prior studies have demonstrated that, in response to stress, the
cardiac tissue undergoes alterations in metabolism, ranging from
changes in substrate utilization to mitochondrial function, collec-
tively called metabolic remodeling [7]. However, the molecular
mechanisms mediating metabolic remodeling in the cardiac tissue
remains unclear. Among the key transcriptional factors that play an
important role in the regulation of cellular homeostasis of car-
diomyocytes, the Yes-associated protein 1 (YAP1) and the tran-
scriptional coactivator with PDZ-binding motif (TAZ) from the
Hippo signaling pathway are major downstream effectors [8],
involved in both normal and diseased conditions.

So, we performedWestern blotting to evaluate the role of YAP1/
TAZ in mediating cardiac tissue injury during hyperglycemia-
induced stress conditions. We used information generated from
the results of RNA-seq, DEG, and GO enrichment analysis to identify
pathways that are perturbed by hyperglycemic culture conditions
in cardiomyocytes. From these results, we selectively chose to study
the effect of the inhibition of the well-known oxidative stress-
mediated inflammatory pathway, ERK 1/2 signaling cascade, and
its downstream effects on YAP1/TAZ expression. The addition of an
ERK 1/2 inhibitor prior to hyperglycemic shock, inhibited the
enhanced expression of the YAP1/TAZ proteins in the
cardiomyocytes.

Thus our study for the first time highlights the modulatory role
of oxidative stress-mediated inflammatory mechanisms in cardiac
cell transcriptome dynamics in cultures of cardiomyocytes exposed
to high and varying glucose conditions. This work paves theway for
establishment of a hyperglycemic human cardiac cell specific
model for in-vitro tissue-on-a-chip studies.

2. Experimental procedures

2.1. Cell culture

The human cardiomyocyte (CM) cell line AC16, was purchased
from EMD Millipore (Billerica, MA, USA) and maintained in
(DMEM; Invitrogen, Carlsbad, CA, USA) containing 10% fetal bovine
serum (FBS; Gibco, Carlsbad, CA, USA), 100 U/mL penicillin and
100 mg/mL streptomycin (Invitrogen, MA, USA) and cultured with
either 5 mM or 25 mM D-glucose in a humidified incubator at 37�C
with 5% CO2 for at least 3-passages prior to them being used for
experiments. Please refer to supplementary section S2.1 for addi-
tional details for cell culture.
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2.2. Induction of hyperglycemia-induced stress

Cells derived from respective cultures maintained with specific
glucose concentrations (section 2.1) were trypsinized, passaged
and cultured in 6-well plates with 2 � 105 cells/well supplemented
with either 5 mM or 25 mM glucose for 24 h followed by increasing
the concentration of glucose supplementation to 50 mM in both
sets of cultures (5 / 50 and 25 / 50) for the next 24 h afterward.
Briefly, an additional amount of D-Glucose was added to supple-
ment for the additional 45 mM glucose or the additional 25 mM
glucose in the two culture systems in parallel, to represent a
hyperglycemic-induced stress condition consisting of 50 mM
glucose in total, for 24 h. To measure the incidence of ROS, DHE-
fluorescent staining was utilized in cells treated with varying hy-
perglycemic treatments (5 / 50 mM and 25 / 50 mM respec-
tively). DAPI was utilized to stain the cell's nucleus. DHE stained
cells represented cells containing intracellular superoxide in red
while the DAPI (40,6-diamidino-2-phenylindole) stain represented
the total number of cell nuclei in blue and was quantified using
Equation (1):

DHE
�

DAPI ð%Þ ¼ # of red cells
Total # of red and blue cells

x100 (1)

Additionally, a Live-Dead assay was performed to test the cells’
viability after the hyperglycemic treatments. Calcein AM repre-
sented live cells in green while ethidium homodimer represented
dead cells in red. The viability of cells was quantified using
Equation (2):

No:of live
�

deadcells ð%Þ¼ #of greenor red cells
Total#of greenandredcells

x100

(2)

2.3. RNA isolation

Total RNAs from the AC16CMs cultures were extracted with
TRIzol reagent (Invitrogen, Thermo Fisher Scientific, Inc., Wil-
mington, DE, USA) following the manufacturer's protocol and
additional details are presented in supplementary section S2.3.

2.4. RNA-sequencing, DEG's detection and GO-enrichment analysis

RNA-seq data was processed and analyzed as described in
Ref. [9]. DEG's identification and GO enrichment analysis were also
performed as described in Ref. [9]. Library preparation and deep
sequencing were performed according to the manufacturer's pro-
tocol (Illumina, Welgene Biotechnology Company, Taipei, Taiwan),
following published reports [9] and additional details are presented
in supplementary section S2.4.

2.5. Quantitative PCR (qPCR) analysis

To validate the results from RNA sequencing, selected genes
were studies using RT-PCR. For this experiment total RNA extrac-
tion was carried out using RNeasy® Plus Mini Kit (QIAGEN. Hilden,
Germany) according to the manufacturer's instructions. Extracted
RNAs were quantified by NanoDrop OneC spectrophotometer
(ThermoFisher Scientific, Waltham, MA, USA) and the absorbance
ratios at 260/280 nm and 260/230 nmweremeasured to determine
RNA purity and the data is shown below in Table 1.

Please refer to supplementary section S2.5 for additional details
on the procedures. The target genes selected for further analysis



Table 1
Absorbance ratios at 260/280 nm and 260/230 nm to determine RNA purity.

Sample Cardiomyocytes ng/ml 260/280 230/260

control 5 mM Glu 259.1 2.09 2.17
Cells 5 mMe50 mM Glu No.1 52.9 2.13 1.30
Cells 5 mMe50 mM Glu No.2 17.7 2.11 1.29
Cells 5 mMe50 mM Glu No.3 18.5 2.20 0.36
control 25 mM Glu 16.7 2.15 0.15
Cells 25 mMe50 mM Glu No.1 262.4 2.10 2.11
Cells 25 mMe50 mM Glu No.2 216.3 2.10 2.21
Cells 25 mMe50 mM Glu No.3 157.2 2.10 0.61
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were TGFb1, MYOCD, CCL2 and MMP3 while GAPDH was used as
reference gene (control). The results helped derive the value of the
fold change in expression from the target genes (TGFB1, MYOCD,
CCL2 and MMP3) normalized with the reference gene, GAPDH.

2.6. Western blotting

After the exposure of cell cultures to varying hyperglycemic
conditions (5 / 50 mM and 25 / 50 mM) for a total of 24 h, the
AC16 cells were harvested using lysis buffer with protease and
phosphatase inhibitors and processed for western blotting of YAP1/
TAZ as described in our previous work [10] and reported in detail in
supplementary section S2.6.

2.7. ERK 1/2 inhibitor studies

AC16 cells cultured using normoglycemic conditions (5 mM)
and at 70% confluence in 12-well plates were used for this exper-
iment. From a total of 12 samples, a set of 6 samples of cells in wells
was exposed to 500 nM inhibitor of ERK 1/2 (Ulixertinib BVD-523;
Selleck Chemicals LLC, Houston. TX) for 4 h [11]. Out of those 6
samples, 3 were further treated using hyperglycemic conditions
with 50 mM Glucose for 24 h. Another set of 3 samples was
maintained at normoglycemic conditions. For the remaining 6
samples not treated with the inhibitor, 3 samples were cultured
using hyperglycemic conditions with 50 mM Glucose for 24 h, and
the remaining 3 samples were maintained at normoglycemic con-
ditions. The immunocytochemistry procedure was performed as
follows after 24 h in all wells and reported in detail in
supplementary section S2.7.

For determining the level of cellular fluorescence associated
with the YAP1/TAZ expression in the images acquired ImageJ (NIH)
was used [12]. Briefly, the DAPI (blue) images was split and sepa-
rated from the YAP1/TAZ (green) and the latter set of images were
further processed. Next, the cell of interest (ROI) was selected using
a freehand tool. From the Analyze menu “set measurements” was
selected to obtain intensity values. Three repeated measurements
were made from the same cell to obtain mean intensity values. An
area next to the fluorescence was selected to serve as the back-
ground for this measurement. At least ten different cell measure-
ments weremade from one image and for each condition three sets
of images were analyzed to report on Mean ± SD for the YAP1/TAZ
protein expression.

2.8. Statistical analysis

Statistical analysis was performed in GraphPad Prism. Plots
were graphed as means and SD, and statistical significance is pre-
sented as *p < 0.05 (two-tailed) and was considered to indicate a
statistically significant difference. The expression levels of the
proteins were compared between cells treated with varying hy-
perglycemic treatments (5 / 50 and 25 / 50) using ANOVA,
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followed by Dunnett's test.

3. Results

3.1. Oxidative stress generation and cytotoxicity

Hyperglycemic shock treatment was initiated by glucose sup-
plementation to 50 mM in both sets of cultures (5 / 50 and
25 / 50 mM) for an additional 24 h. The expression of Reactive
Oxygen Species (ROS) was measured using Dihydroethidium (DHE)
fluorescent staining; and the identification of viable and non-viable
cells was performed using a Live/Dead Assay and fluorescent
staining, as well. The representative microscopy images obtained
after hyperglycemic shock treatment and ROS staining are shown in
Fig. 1(A). In addition, quantification of these results is shown in
Fig. 1(B). The total number of cells stained with DHE is mostly
equivalent to the total number of nuclei stained with DAPI, which
confirms the association between the incidence of ROS species
related to hyperglycemic exposure. The DHE/DAPI percentage was
calculated using Equation (1) and the percentage detected in
5 / 50 mM samples was 49.1% ± 1.18. The percentage of cells
stained with DHE/DAPI detected in the 25 / 50 mM samples was
49.4% ± 1.13 and these values were not statistically different.

The representative live-dead confocal microscopy images
(Fig. 1(A)) are depicted alongside the DHE-DAPI staining results.
Likewise, Fig. 1(C) shows a quantification of the results obtained,
and as can be observed, there is a greater percentage of live cells in
comparison with dead cells, present in both hyperglycemic treat-
ment conditions. Cell viability in both conditions was calculated
using Equation (2). A 97% ± 3.6 cell viability was detected in
5 / 50 mM samples whereas, 98.5% ± 2.5 was detected in the
25 / 50 mM samples. Since the hyperglycemic exposure was
provided only for 24 h, therefore, it can be concluded that the hy-
perglycemic treatments did not cause cell death via apoptosis.

3.2. Hyperglycemia changes cardiomyocytes transcriptome

The extracted RNA from the AC16 cardiomyocytes cultures was
used to identify the genes that changed expression under different
treatments (Fig. 2). Shown in Fig. 2 (A-B) is a heatmap of DEG (row-
scaled z-score of log2FPKM of DEGs, P-adj <0.05) associated with
varying hyperglycemic shock treatments. It shows the DEGs be-
tween cell samples treated with 25 / 50 mM and 5 / 50 mM in
comparison with their respective controls. Between 5 / 50 mM
samples we detected higher number of genes with significantly
different expression levels (n ¼ 187) in comparison to cells treated
with 25/ 50mM condition (n¼ 50), suggesting that a higher dose
of hyperglycemic exposure (5 / 50 mM) significantly alters the
transcriptome.

As can be observed in Fig. 2(A), the cardiomyocytes treated with
a hyperglycemic shock from 25 / 50 mM of glucose, showed an
up-regulation in the expression of the following genes in compar-
ison to the control samples (25 mM). This included targets such as
Fibronectin 1 (FN1), Transforming Growth Factor Beta-2 (TGFb-2),
Collagen Type IV Alpha 1 (COL4A1), Collagen Type IV Alpha 2 Chain
(COL4A2), Tenascin-C (TNC), and Serine Proteinase Inhibitor (SER-
PINE 1) all of which can be classified under pathways responsible
for extracellular matrix organization and inflammatory response.
Additionally, in the cells treated with a hyperglycemic shock from
5 / 50 mM of glucose, as shown in Fig. 2(B), the DEG expression
showed a significant change in comparison to both the controls
(5 mM) and the 25 / 50 mM samples. Genes showing an up-
regulation in this case included Ephrin Type-A Receptor 2
(EPHA2), Interleukin 6 (IL6), Fibroblast Growth Factor 2 (FGF2),
Proto-Oncogene BHLH Transcription Factor (MYC), Platelet-Derived



Fig. 1. Reactive Oxygen Species and Live-Dead assay. (A) Dihydroethidium (DHE)-Reactive Oxygen Species (ROS) staining depicts ROS directly in live cells for all cultures depicted.
Shown alongside are cell viability results performed using Live-Dead assay. The scale bar depicts 100 mm for all images. (B) Depicts the quantification of DHE stained cells expressed
as a percentage of total number of DAPI stained cells in all cultures. (C) Depicts the quantification of Live and Dead cell numbers in all cultures. This data confirms that the glucose
shock treatments i.e. 25-50 mM and 5e50 mM did not lead to cell death even though varying expression of ROS was observed in both sets of cultures.
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Growth Factor Receptor-Beta (PDGFRB), Transforming Growth
Factor Beta-1 (TGF b 1), Transforming Growth Factor Beta-2 (TGFb
2), C-X-C Motif Chemokine Ligand 10 (CXCL10), C-X-C Motif Che-
mokine Ligand 12 (CXCL12), Matrix Metallopeptidase 3 (MMP3),
Collagen Type IV Alpha 1 (COL4A1), Collagen Type III Alpha 1 Chain
(COL3A1), Tripartite Motif Containing 22 (TRIM22), CeC Motif
Chemokine Ligand 2 (CCL2), Vascular Endothelial Growth Factor C
(VEGFC), Myocardin (MYOCD), Hypoxia Inducible Factor 1 Subunit
Alpha (HIF1A), Serine Proteinase Inhibitor (SERPINE 1), and
Tenascin C (TNC). These targets can be classified under pathways
responsible for cellular response to external stress-related stimuli
leading to extracellular matrix organization and the regulation of
the inflammatory cascade (ERK 1 and 2).

We next performed gene ontology (GO) pathway enrichment
analysis of DEGs to identify pathways that are perturbed by the
5 / 50 mM hyperglycemic conditions in comparison with the
25 / 50 mM condition. To do this, we used the Bioconductor
package GOstats to perform hypergeometric-based tests and
generate significant ontology terms related to biological processes.
GO terms related to known biological processes and biochemical
pathways associated with vascular inflammation, cellular response
to stimulus and extracellular matrix reorganization were identified
(P <0.01). A number of DEGs were common between the two
treatment groups but the cell cultures treated with the 5/ 50 mM
hyperglycemic conditions, exhibited a large difference in the
number of DEGs, more so than that of 25 / 50 mM. However, the
ERK 1/2 and the JAK-STATcascade signaling which are implicated in
cardiovascular disease and inflammation was significantly high-
lighted in our GO analysis under both sets of experimental hyper-
glycemic conditions, Fig. 2(C).

From the DEG analysis, the expression of matrix
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metalloproteinase-3 (MMP3), and the following inflammatory
mediators, Interleukin-6 (IL-6), C-X-C Motif Chemokine Ligand 10
(CXCL10) and CeC Motif Chemokine Ligand 2 (CCL2) were selected
to study the changes in gene expression. As can be observed in
Fig. 3(A), the DEG for MMP-3 was significantly affected in the
5/ 50 mMhyperglycemic condition in comparisonwith 5 mM, on
the other hand, it can be observed that the 25 / 50 mM samples
did not show a significant difference in comparison to the control
(25 mM) samples. This trend was also observed for IL-6, CXCL10,
and CCL2 gene expression, inwhich the higher change in DEG levels
is shown in the 5 / 50 mM hyperglycemic condition, as can be
observed in Fig. 3(B), 3(C), and 3(D) respectively. Data in Fig. 3 in-
cludes results from at least 2 replicates in each condition reported.
These results further confirmed the significant perturbation of
pathways responsive to hyperglycemic stress-related stimuli lead-
ing to extracellular matrix organization and the regulation of the
inflammatory cascades in the samples treated with 5 / 50 mM
hyperglycemic conditions.
3.3. Selective validation of RNA-sequencing outcomes

For the qPCR analysis we selected a sub-group of genes, the CCL2
and the MMP3 gene to confirm the data obtained in the large-scale
RNA-seq. studies to further confirm their varying expression in
samples treated with a glucose shock of 5 / 50 mM of glucose, in
comparison with normoglycemic controls (5 mM). As can be
observed in Fig. 3(E), the relative expression of CCL2 in comparison
with GAPDH was significantly up regulated in comparison to the
control samples. A similar result was observed for MMP3 which
was up-regulated as well in comparison to the controls. These re-
sults confirmed and validated the trends in DEG that were reported



Fig. 2. RNA sequencing and GO analysis. Heatmap expression of differentially expressed genes in 25e50 mM (A, n¼ 50) and 5e50 mM (B, n ¼ 187) in comparison with their
respective (25 mM and 5 mM) controls (row-scaled z-score of log2FPKM of DEGs, P-adj <0.05). Overall gene expression was significantly perturbed in the 5e50 mM culture
condition (versus 5 mM) in comparison to the 25e50 mM condition (versus the 25 mM). Therefore this data it suggests that the 5e50 mM condition poses a significant hyper-
glycemic shock treatment for these cells in the culture conditions reported, in this study. (C) GO enrichment analysis in the 5e50 mM and 25e50 mM glucose conditions showed
perturbation of pathways responsible for cellular response to external stress-related stimuli leading to extracellular matrix organization and the regulation of related inflammatory
cascades in both sets of hyperglycemic shock treatments (P < 0.01). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)
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in this study using RNA-seq. analysis.

3.4. Hyperglycemia alters the protein expression of YAP1/TAZ

Western blot analysis manifested that the expression of YAP1/
TAZ was altered significantly under the 5/ 50 mM hyperglycemic
treatment as observed in Fig. 4(A-B) (p < 0.02). Additionally, the
5 / 50 mM samples showed a greater difference in YAP protein
expression when compared to control samples (5 mM). Moreover,
these results showed an upregulation of the YAP1/TAZ protein
expression in cells treated with a hyperglycemic treatment of
5 / 50 mM in comparison to the cells treated with a hyperglyce-
mic treatment of 25 / 50 mM (Fig. 4(A)). In contrast, the
25/ 50 mM samples showed an expression similar to the controls
(25 mM: Fig. 4(A)) however, it can be observed that the TAZ
expression was up-regulated in the 25 / 50 mM samples. Addi-
tionally, the 5/ 50mM condition shows an up-regulation for both
YAP1 and TAZ respectively when compared to the 5 mM condition.
These results confirm that the 5 / 50 mM condition posed as a
significant modulator for the alteration of cellular biochemical
pathways to selectively enhance the protein expression of YAP1/
TAZ, in this study.

3.5. Effects of inhibition of ERK-1/2 on YAP1/TAZ expression in the
presence of hyperglycemic conditions

GO enrichment analysis (Fig. 2(C) and Supplementary Fig. 1)
shows perturbation of pathways responsible for cellular response
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to external stress-related stimuli leading to extracellular matrix
organization and the regulation of related inflammatory cascades
in both sets of hyperglycemic shock treatments. The 5 / 50 mM
condition upregulated more targets compared to the 25 / 50 mM
condition. Thus, the 5 / 50 mM hyperglycemic condition was
selected further to study the effect of ERK 1/2 inhibition on
downstream signaling pathways in this study.

To validate the effect on the ERK 1/2 signaling pathway, we
treated cells cultured using 5 / 50 mM hyperglycemic conditions
for 24 h in the presence and absence of a pharmacological ERK 1/2
inhibitor. Immunofluorescence staining was performed to evaluate
the effect of ERK 1/2 inhibition on the YAP1/TAZ protein expression
(Fig. 5).

Specifically, our results showed an enhanced expression of the
YAP1/TAZ pathway in hyperglycemic cardiomyocyte cultures
(5 / 50 mM) Fig. 5(B) in comparison with control conditions
(5 mM), Fig. 5(A). This effect was reversed when the ERK 1/2 in-
hibitor was added to the cultures prior to them being exposed to
hyperglycemic cardiomyocytes (5 / 50 mM), Fig. 5(D). The in-
hibitor by itself did not pose any cytotoxicity as shown in Fig. 5(C).
Quantitative expression of YAP-1/TAZ expression is shown in
Fig. 5(E), in which the 5 / 50 mM condition showed a significant
enhancement (p < 0.02) of the YAP/TAZ protein expression in
comparison with all other conditions. Our results strongly indicate
that the ERK 1/2 signaling cascade may be involved in regulating
the expression of YAP1/TAZ mechanism in cells treated using
5 / 50 mM hyperglycemic conditions.

This study confirmed that the ERK 1/2 pathway has a



Fig. 3. Differential expression gene (DEG) analysis (AeD) to discover quantitative changes in expression levels of selected genes including MMP-3, IL-6, CXCL10, and CCL2 between
experimental groups. RNA-seq studies revealed significantly DEGs in the hyperglycemic condition (5 / 50 mM) in comparison with the normoglycemic (5 mM) condition. Among
the extracellular matrix proteins, MMP3 (A) was significantly perturbed (shown in FPKM - Fragments per kilo base of transcript per million mapped fragments). Altered expression
of inflammatory mediators included the following genes, IL-6 (B), CXCL10 (C), and CCL2 (D). Shown in E is the Quantitative PCR (qPCR) analysis. CCL2 and MMP3 gene expression was
selectively studied in cultures treated with 5e50 mM glucose (hyperglycemic) compared with controls (5 mM) and the data was normalized to GAPDH expression in both con-
ditions (*, p < 0.05). The expression of both genes was significantly up-regulated in the 5e50 mM compared to controls. These results confirmed the trends shown by our RNA-seq
data and validated DEG results obtained in this study.

Fig. 4. Western Blotting Analysis. Results showed a significant upregulation of the protein expression of the YAP1/TAZ pathway in hyperglycemic cardiomyocytes (5e50 mM) in
comparison with other conditions in (A) and (B).

B. Joddar, C.D. Loyola, S.P. Ramirez et al. Biochemical and Biophysical Research Communications 648 (2023) 72e80
modulatory effect on the Hippo/YAP pathway in human AC16 car-
diomyocytes. The inhibition of ERK 1/2 by a specific inhibitor
decreased the YAP1 expression in the cells, which suggests that the
YAP1/TAZ mechanism can be correlated with the ERK 1/2 EGFR-
RAS-MAPK signaling in human cardiac physiology [13,14].
4. Discussion

Diabetes mellitus is a major risk factor for the development of
cardiovascular disease and oxidative stress plays an important role
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in this process. From prior published studies by others it has been
implied that higher glucose levels increase generation of mito-
chondrial ROS formation [15]. Fluctuating and high glucose levels
over a prolonged period can result in oxidative stress, leading to
inflammation and altered epigenetic mechanisms [16]. Therefore,
we investigated the effects of hyperglycemia on the formation of
ROS on cardiomyocytes. Although both 5 / 50 mM and
25 / 50 mM hyperglycemic-stress concentrations may be used as
models for cardiac hyperglycemia, the concentration of 5/ 50mM
was found to be more ideal for simulating cardiac hyperglycemic



Fig. 5. ERK 1/2 inhibition on YAP1/TAZ expression. (AeD) Immunofluorescence results showed a significant expression of the YAP1/TAZ pathway in hyperglycemic cardiomyocytes
(5e50 mM) (B) in comparison with control conditions in (A). This effect was reversed when the inhibitor was added to the cultures treated with hyperglycemic cardiomyocytes
(5e50 mM) (D). The inhibitor by itself did not adversely affect the cells as shown in (C). Scale bar corresponds to 100 mm in all images. Shown in (E) is a numerical analysis of the
YAP1/TAZ intensity in images (AeD) plotted for comparison.
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conditions due to significant stress generation as shown by this
study. Since the exposure was only provided to these cultures for a
total of 24 h, this may have avoided glucose starvation-induced
oxidative stress and cell death.

The genes that were differentially expressed in the 25/ 50mM
versus the 25 mM condition included FN1, TGFb2, COL4A1, COL4A2,
TNC, SERPINE1 which were mostly highlighted from our analysis.
The DEG of all these candidate genes can be predominantly
correlated to altered extracellular matrix organization and cell-
matrix adhesion [17]. On the contrary, the genes that were
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differentially expressed in the 5 / 50 mM versus the 5 mM con-
dition included IL6, FGF2, MYC, PDGFRB, TGFb1 and TGFb2, CXCL10,
CXCL12, MMP3, COL4A1, COL3A1, TRIM22, CCL2, VEGFC, MYOCD,
HIF1A, SERPINE1, TNC which were eminent from our analysis.
During the progression of DCM, the factors including CXCL10,
CXCL12 and CCl2 are involved in the modulation of cellular re-
sponses to stress induced phenomenon such as hyperglycemia.
These genes might interplay and execute significant roles via
regulation of the glycolysis process. In conclusion, four potential
biomarkers including MMP-3, IL-6, CXCL10 an CCL2 were used for
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confirmation and validation of DCM prognosis in our model. Pub-
lished studies have shown that MMP-3 is a significant independent
predictor of cardiac events in patients with DCM which was also
revealed by our study [18]. With regards to IL6, elevated levels lead
to chronic inflammation and fibrotic disorders in cardiac tissues
[19]. Prior myocardial infarction studies have shown that long term
IL6 signaling, or its over-production plays a causal role in cardio-
vascular disease [19]. The chemokine CXCL10 is also elevated in
cardiovascular diseases, along with an increased infiltration of pro-
inflammatory Th1 and cytotoxic T cells [20]. Thus, CXCL10 is a
chemoattractant for these T cells and a polarizing factor for a pro-
inflammatory cardiac phenotype [20]. So, targeting the CXCL10
receptor CXCR3 is a promising therapeutic approach to treating
cardiac inflammation [20]. Since our model only consisted of hu-
man AC16 CM, it is hard to predict the effect of the altered gene
expression of the CXCL10 chemokine receptor in its current state. In
future studies, wewill include other cell types such as immune cells
and macrophages to study the pro-inflammatory phenotype
induced by hyperglycemic exposure to cardiomyocytes in an acute
and chronic state. The CCL2-CCR2 pathway is recognized as an
important physiological modulator and a viable therapeutic target,
given its critical role in the immune inflammatory response and a
great deal of existing preclinical data that supports the role and
involvement of the CCL2-CCR2 axis in experimental cardiovascular
disease [21].

Next, our study results suggest that the expression of the YAP1/
TAZ protein, components of the Hippo signaling pathway were
significantly was activated and enhanced in the 5/ 50 mM versus
the 5 mM samples. This finding correlates with results from other
studies where these downstream targets were transcriptionally
elevated in the diseased and dysfunctional human and mouse
hearts [22]. Interestingly, from such studies adult human hearts
had more TAZ than YAP1 as confirmed by their enhanced mRNA
and protein expression in diseased hearts although their ratio did
not differ much. Our results confirm that YAP1/TAZ signaling is
activated in human cardiomyocytes exposed to acute hyperglyce-
mic shock that may eventually lead to cardiac dysfunction. Further
investigation with relevant cardiac tissue models will determine
whether this pathway is a potential target for preventing and
reversing abnormal remodeling during the progression of different
cardiac disorders.

It is known that ERK 1/2 signalingmediates a series of molecular
alterations and has complex crosstalk with other signaling path-
ways. The effects of ERK 1/2 inhibition are associated with the
Hippo pathway activity. ERK1 and ERK2 have an effect on the
Hippo/YAP pathway in human cardiomyocytes such that its dys-
regulation leads to various congenital cardiac abnormalities [23].
Hippo signaling components are also expressed in the cells of all
three cardiac layers (myocardium, epicardium, and endocardium),
and play an important role during cardiac development [24]. Since
these cells play an important role in cardiac repair and recovery,
further research is necessary to better understand how the Hippo/
YAP1 signaling pathway regulates them in developing therapeutic
interventions without potential adverse effects [24].

Others have proposed that higher glucose levels increase the
generation of mitochondrial reactive oxygen species (ROS) result-
ing in activation of the non-oxidative glucose pathways with hy-
perglycemia in cardiomyocytes [15]. Subsequently, glycolytic
intermediates accumulate and are diverted into the various non-
oxidative glucose pathways as indicated. This can lead to activa-
tion of mechanisms referred to as ‘cardiometabolic complications’
which can have detrimental, downstream effects on the heart. Our
study for the first time highlighted the role and involvement of
79
such downstream targets that may be involved in cardio metabolic
disorders.
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