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Abstract: Hyperglycemia and hyperlipidemia are the hallmarks of diabetes and obesity.
Experimental and epidemiological studies have suggested that dietary management and caloric
restriction are beneficial in reducing the complications of diabesity. Studies have suggested
that increased availability of energy metabolites like glucose and saturated fatty acids induces
metabolic, oxidative, and mitochondrial stress, accompanied by inflammation that may lead
to chronic complications in diabetes. In the present study, we used human hepatoma HepG2
cells to investigate the effects of high glucose (25 mM) and high palmitic acid (up to 0.3 mM)
on metabolic-, inflammatory-, and redox-stress-associated alterations in these cells. Our results
showed increased lipid, protein, and DNA damage, leading to caspase-dependent apoptosis and
mitochondrial dysfunction. Glucolipotoxicity increased ROS production and redox stress appeared
to alter mitochondrial membrane potential and bioenergetics. Our results also demonstrate the
enhanced ability of cytochrome P450s-dependent drug metabolism and antioxidant adaptation
in HepG2 cells treated with palmitic acid, which was further augmented with high glucose.
Altered NF-kB/AMPK/mTOR-dependent cell signaling and inflammatory (IL6/TNF-α) responses
were also observed. Our results suggest that the presence of high-energy metabolites enhances
apoptosis while suppressing autophagy by inducing inflammatory and oxidative stress responses
that may be responsible for alterations in cell signaling and metabolism.

Keywords: glucolipotoxicity; palmitic acid; HepG2 cells; mitochondrial dysfunction; redox
metabolism; apoptosis

1. Introduction

Most of the complications associated with metabolic disorders, including type 2 diabetes,
obesity, insulin resistance, non-alcoholic fatty liver diseases (NAFLD), and non-alcoholic associated
steatohepatitis (NASH) are associated with hyperglycemia and increased free saturated fatty acid
concentration in the blood [1,2]. Glucotoxicity and lipotoxicity due to excess caloric intake and
increased nutrient availability are the hallmarks of diabetes progress and disease complications [3–6].
However, under in vivo conditions, due to a series of physiological and metabolic communications
associated with different tissues under the influence of dietary and endocrine regulations, it is difficult to
distinguish between the effects of glucotoxicity and lipotoxicity. Saturated and unsaturated fatty acids
are known to have differential effects on cell death and survival, though the mechanisms associated
with these differences are unknown. Palmitic acid (PA) is the most abundant type of saturated fatty acid
in the plasma, and has been implicated in the toxicity of pancreatic β-cells, hepatocytes, and many other
cells [7–11]. PA has also been reported to enhance cellular oxidative stress and apoptosis by suppressing
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cytoprotective autophagy. In contrast, unsaturated fatty acids, such as oleic acid, promote autophagy
but have minimal effects on apoptosis [12–15]. Electron microscopy (EM )studies have indicated that
pancreatic islet cells treated with high glucose/PA showed increased accumulation of autophagosomes,
vacuolar changes, damaged mitochondria, and endoplasmic reticulum distention, accompanied by
an increased expression of mTORC1, an inhibitor of autophagy, causing increased metabolic stress
and apoptosis [16,17]. Similarly, nutrient overload with high glucose for prolonged periods increases
mitochondrial reactive oxygen species (ROS) generation in cells, leading to severe perturbation of
metabolism and cell signaling. Increased glucolipotoxicity has been implicated with mitochondrial
dysfunction and endoplasmic reticulum stress and inflammation in diabetes- and obesity-associated
complications [18,19]. The underlying mechanism, however, is still not clear. Functional deficiency
associated with energy metabolism and oxidative stress is the main cause of abnormal insulin secretion
and action. A novel approach to treating these abnormalities is highly relevant in nutrient-regulated
diabetes/obesity management. Increased fatty acids inhibit insulin signaling by altering Akt and protein
tyrosine phosphatase 1B-dependent pathways, which is considered a potential mechanism for insulin
resistance and cardiovascular complications in diabetes [20,21]. High glucose (HG) and high fatty acid
(HFAs) are the characteristics of diabetic complications associated with increased oxidative stress and
inflammation-linked endothelial and mitochondrial dysfunction [22–24]. AMPK is a serine/threonine
kinase that stimulates catabolic processes and inhibits anabolic processes when cellular energy levels
are low. However, it has been shown that under nutrient-rich conditions, AMPK activity is diminished
and becomes uncoupled from autophagy, leading to increased apoptosis [22].

Therapeutic intervention to target the autophagy/apoptosis machinery that ultimately reprograms
the cellular metabolism under nutrient overload conditions may therefore provide strategies
for better management and treatment of diabesity-associated complications. Augmentation of
PA-induced-lipotoxicity by HG, or vice versa, is controversial, as actual in vivo concentrations of
glucose and PA under conditions of diabetes, fasting or after meal, in normal and obese subjects
have not yet been defined conclusively, and might be highly variable due to various physiological
and endocrine factors involved in regulating the bioavailability of nutrients. Therefore, we designed
in vitro experiments to determine the molecular mechanisms of action of glucose and PA overload in
HepG2 cells. Our aim was to elucidate the mechanism of glucotoxicity alone (25 mM) or in combination
with high PA (up to 0.3 mM) under in vitro conditions. We have shown that mitochondrial respiratory
function, energy/drug metabolism, redox homeostasis, and cellular oxidative stress are affected in
glucolipotoxicity. These changes appear to be associated, at least in part, with altered inflammatory
and NF-kB/mTOR/AMPK-dependent cell signaling pathways. Furthermore, in the presence of HG,
PA treatment augments glucotoxicity, as shown by the reduction in autophagy with increased apoptosis
in HepG2 cells.

2. Materials and Methods

2.1. Materials

Palmitic acid, fatty acid-free bovine serum albumin (BSA), 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), reduced and oxidized glutathione, 1-chloro 2,4-dinitrobenzene
(CDNB), cumene hydroperoxide, glutathione reductase, glucose-6-phosphate, NADH, NADPH,
cytochrome c, coenzyme Q2, antimycin A, dodecyl maltoside, N-nitrosodimethylamine(NDMA),
erythromycin,7-ethoxyresorufin, methoxyresorufin, resorufin, Hoechst 33342, Oil Red O stain,
and kits for ATP and hexokinase (HK )were purchased from Sigma (St Louis, MO, USA). 2′,
7′-Dichlorofluorescein diacetate (DCFDA) was procured from Molecular Probes (Eugene, OR, USA).
Kits for nitric oxide and mitochondrial membrane potential assays were purchased from R & D Systems
(Minneapolis, MN, USA), while those for lipid peroxidation (LPO) and aconitase were procured from
Oxis Int, Inc. (Portland, OR, USA). Kits for GSH/GSSG assays were procured from Promega Corp.
(Madison, WI, USA). Apoptosis detection kits for flow cytometry and IL6 and TNF-α measurement
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kits were purchased from BD Pharmingen (BD Biosciences, San Jose, CA, USA). Kits for catalase and
protein carbonylation assays were purchased from Cayman Chemical (Ann Arbor, MI, USA). Kits for
superoxide dismutase (SOD) were purchased from Trevigen (Gaithersburg, MD, USA), while those for
glutamate dehydrogenase (GDH were purchased from Abcam (Cambridge, UK). HepG2 cells were
purchased from American Type Culture Collection (Manassas, VA, USA). Polyclonal antibodies against
PARP, caspase-3, NFκB, and beta-actin were procured from Santa Cruz Biotechnology Inc. (Santa Cruz,
CA, USA) while those for mTOR, p-mTOR, AMPK, and p-AMPK were purchased from Cell Signaling
Technology, Inc. (Danvers, MA, USA). Polyclonal antibodies against CYP2E1 and CYP3A4 were
purchased from Aviva Systems Biology (San Diego, CA, USA). Reagents for cell culture, SDS-PAGE,
and western blot analysis were purchased from Gibco BRL (Grand Island, NY, USA) and Bio-Rad
Laboratories (Richmond, CA, USA).

2.2. Cell Culture, Treatment and Fractionation

HepG2 cells were cultured in DMEM supplemented with 2 mM glutamine, 10% fetal calf serum,
and non-essential amino acids in the presence of 5% CO2 at 37 ◦C. Cells were cultured to 80% confluence
and then treated with normal (5.5 mM) (which is close to the in vivo fasting value) or high glucose
(25 mM) (to mimic the in vivo diabetic condition) with/without high fatty acids (up to 0.3 mM palmitic
acid) for 24 h. A 100 mM stock solution of palmitic acid was prepared in warm ethanol and then
conjugated to 1% fatty acid free-BSA in a molar ratio of 6:1. The cells were treated with different
concentrations of palmitate by adding appropriate amounts of the palmitate/BSA conjugate to the
cultured cells in DMEM media supplemented with 1% FBS. Control cells for normal and high glucose
media were treated with vehicle (BSA/ethanol) alone. Concentrations and time points used for
high glucose or high fatty acid treatments were based on the MTT-based cytotoxicity studies and
literature search. After the desired time of treatment, cells were harvested, washed with PBS (pH 7.4)
and homogenized in H-medium buffer (70 mM sucrose, 220 mM mannitol, 2.5 mM HEPES, 2 mM
EDTA, and 0.1 mM phenylmethylsulfonyl fluoride, pH 7.4) at 4 ◦C. Cellular fractionation to prepare
mitochondria and postmitochondrial (PMS) fractions was performed by centrifugation, as described
previously [25–28].

2.3. Measurement of Cell Survival

MTT assay was used to determine the glucolipotoxicity induced in the presence of HG/HFA,
using the mitochondrial enzyme based cellular viability test as described in our previous study [27,28].

2.4. Measurement of ROS, LPO, Protein Peroxidation, DNA Damage, and Apoptosis

Intracellular production of ROS was measured flurometrically using the cell permeable probe,
DCFDA, which preferentially measures peroxides. Briefly, treated and control cells (~1 × 105 cells/mL)
were grown on cover slips and incubated with 5 µM DCFDA for 30 min at 37 ◦C. Cells were washed
twice with PBS, and the fluorescence analyzed microscopically, as described above [28]. DCFDA-based
ROS assay was also performed fluorimetrically using the same probe and measured using the ELISA
reader (TECAN Infinite M 200 PRO, Austria) at an excitation wavelength of 488 nm and an emission
wavelength of 525, nm and also by FACS analysis, as described previously [25–27].

Lipid peroxidation (LPO) in the cell lysate from HG/HFA-treated and control cells was measured
using the LPO-586 kit as per the manufacturer’s protocol and the concentration of MDA calculated
from the standard curve as described previously [27,28].

Protein carbonylation, an oxidative modification of proteins under oxidative stress conditions was
measured by dinitrophenylhydrazine (DNPH) coupling method according to the vendor’s protocol as
described previously [29]. Briefly, total lysates from HG/HFA-treated and control cells were treated
with DNPH dissolved in 2N HCl for one hour. The TCA-precipitated proteins were washed with
ethanol–ethyl acetate (1:1), and the DNPH-coupled proteins were then measured spectrophotometrically
at 366 nm.
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Apoptosis measurement for DNA damage was performed by Hoechst dye staining of fragmented
nuclei. Cells grown on cover slips were treated with HG/HFA, fixed with 3.7% formaldehyde,
and stained with Hoechst33342 (10 µg/mL) for 20 min at room temperature. The cover slips were
then washed, mounted on glass slides, and analyzed by fluorescence microscopy. Cells with signs of
apoptosis showed fragmented nuclei. DNA damage caused by ROS due to oxidative stress was also
measured by DNA fragmentation using standard 2% agarose gel electrophoresis of damaged DNA, as
described previously [25,29]. Apoptosis was also measured in HepG2 cells treated with HG/HPA by
FACS analysis according to the vendor’s protocol, as described previously [25–29] Briefly, HepG2 cells
treated with different doses of PA in the presence of normal/high glucose for 24 h were harvested,
washed with PBS, and re-suspended (1 × 106 cells/mL) in binding buffer (10 mM HEPES, pH 7.4,
140 mM NaCl, 2.5 mM CaCl2). A fraction (100 µL/1 × 105 cells) of the cell suspension was incubated
with 5 µL Annexin V conjugated to FITC and 5 µL propidium iodide (PI) for 15 min at 25 ◦C in the
dark. A total of 400 µL of binding buffer was added to the suspension and apoptosis was measured
immediately using a Becton Dickinson FACSCanto II analyzer. This method was able to distinguish
the apoptotic cells from the viable and necrotic cells.

2.5. Measurement of GSH–Redox Metabolism

HepG2 cells were treated with different concentrations of palmitic acid in the presence of
normal/high glucose for 24 h, as mentioned above. GSH/GSSG ratios and activities of GSH-metabolizing
enzymes, GSH-Px, GSH-reductase, and glutathione S-transferase (GST) were measured in the HG/HFA
treated and control cell extracts. GSH/GSSG ratios were measured using the GSH/GSSG-Glo kit as
per the manufacturer’s instructions, as described previously [27,28]. GSH-Px activity using cumene
hydroperoxide [30], GSH-reductase using oxidised glutathione (GSSG) [31], and GST activity using
CDNB [32] as substrates were measured by standard protocols, as described previously [25–28].

2.6. Measurement of Catalase and SOD

Antioxidant enzymes, catalase, and SOD were measured using kits according to the vendor’s
protocols. The measurement of catalase was based on its ability to catalyze the oxidation of methanol
by hydrogen peroxide. The formaldehyde thus formed was measured colorimetrically in the presence
of a chromogen at 450 nm.

The measurement of SOD was based on the conversion of xanthine to uric acid and hydrogen
peroxide, in the presence of xanthine oxidase. The superoxide ions produced, in turn, reduced the
NBT (nitroblue tetrazolium) to NBT-diformazan. The rate of the reduction with a superoxide anion
is linearly related to the xanthine oxidase activity, and is inhibited by SOD. Thus, the percentage
inhibition of SOD activity was measured colorimetrically at 550 nm.

2.7. Measurement of Cytochrome P450 Activities

Post-mitochondrial supernatants from control and HG/HFA-treated HepG2 cells were analyzed
for CYP2E1, CYP3A4, CYP1A1, and CYP1A2 activities using N-nitosodimethylamine, erythromycin,
7-ethoxyresorufin, and methoxyresorufin, respectively, as substrates by standard protocols [33–36],
as described previously [26,28].

2.8. Measurement of Mitochondrial Functions

Mitochondrial membrane potential was measured in cells after treatment with varying
concentrations of glucose/palmitic acid for 24 h using a fluorescent cationic dye, DePsipher TM
(R&D System Inc.), as described previously [25–27]. If the membrane potential is reduced, the dye
cannot access the transmembranee space and remains in its green fluorescent form.
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2.9. Measurement of Mitochondrial Bioenergetics

Freshly isolated mitochondria (5 µg protein) from untreated and HG/HFA-treated cells were
suspended in 1.0 mL of 20 mM potassium phosphate buffer, pH 7.4, in the presence of the
lauryl maltoside (0.2%). Oxidative phosphorylation enzymes, NADH-ubiquinone oxidoreductase
(NADH-dehydrogenase, Complex I), and cytochrome c oxidase (Complex IV) were measured using
the substrates coenzymeQ2 and reduced cytochrome c, respectively, according to the method of
Birch-Machin and Turnbull [37], as described previously [25–28]. Krebs’ cycle enzymes, aconitase,
and glutamate dehydrogenase were measured using the appropriate kits as per the vendor’s protocols,
as described previously [27].

The ATP content in the HG/HFA-treated and untreated control cell lysates was determined using
an ATP Bioluminescent cell assay kit according to the manufacturer’s recommended protocol, and
samples were analyzed using the TD-20/20 Luminometer (Turner Designs, Sunnyvale, CA, USA).

2.10. Measurement of Hexokinase and Glucose-6-Phosphate Dehydrogenase (G6PDH) Activities

Activity of hexokinase, a cytosolic enzyme phosphorylating glucose to glucose 6-phosphate,
was measured using the HK assay kit (Sigma-Aldrich, St. Louis, MO, USA) as per the vendor’s
instructions. Additionally, activity of an NADPH-producing cytosolic enzyme, glucose 6-phosphate
dehydrogenase (G6PDH), was measured in HepG2 cell extracts treated with HG/HPA using
glucose-6-phosphate as the substrate by following the increase in absorption due to the reduction of
NADP to NADPH at 340 nm.

2.11. Measurement of Inflammatory Markers, NO, and Lipid Accumulation

HepG2 cells were treated with HG/HFA, as described above, and inflammatory markers TNF-α
and IL6 were measured in the media using ELISA kits from BD Pharmingen (BD Biosciences, San Jose,
CA, USA) as described in the vendor’s protocols, as described previously [38].

For NO assay, cells (2 × 105 cells/well) were cultured in six well plates for 24 h prior to HG/HPA
treatments. NO production was determined by measuring the concentration of total nitrite in the
culture supernatants using Griess reagent (R &D Systems Inc.).

To measure triglyceride lipid accumulation, Oil Red O staining was carried out by the method
of Pittenger MF et al. [39] with sight modifications. Briefly, HepG2 cells were grown in six well
plates at a density of 0.5 × 105 cells/well and were treated with different doses of palmitic acid in the
presence of normal or high glucose media for 24 h. The cells were washed with PBS and fixed with
3.7% formaldehyde for 30 min at room temperature. Fixed cells were then washed and treated with
60% isopropanol for 5 min. The cells were then stained with freshly prepared Oil Red O stain for
15 min. Excess stain was then washed thoroughly and stained with hematoxylin for nuclear staining
for 1 min. Cells were again washed thoroughly and viewed using the EVOS XL Core Imaging system
(40×magnification). Lipid droplets appear red and nuclei appear blue.

2.12. SDS-PAGE and Western Blot Analysis

Cell extract proteins (50 µg) were separated on 12% SDS-PAGE and electrophoretically transferred
on to nitrocellulose paper by western blotting, as described previously [25–28]. The immunoreactive
protein bands were visualized after interacting with primary antibodies against marker proteins.
Beta actin was used as the loading control. Densitometric analysis was performed using the Typhoon
FLA 9500 system (GE Healthcare, Uppsala, Sweden) and expressed as relative ratios normalized
against actin or other proteins as appropriate.
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2.13. Statistical Analysis

Results are expressed as mean + S.E.M. of three individual experiments. Statistical significance
of the data was assessed using SPSS software (version 23) by analysis of variance followed by LSD
post-hoc analysis. p-values < 0.05 were considered statistically significant.

3. Results

3.1. Effects of HG/HFA on Cell Survival, Oxidative Stress, and Apoptosis

Figure 1 shows a decrease in HepG2 cell viability with increasing concentrations of PA from
0.02 mM to 0.5 mM for 24 h, both in the presence of normal glucose as well as HG concentrations.
The maximum inhibition (36–40%) was observed with the highest concentration of PA. No significant
difference in the effects of PA was observed in normal glucose or HG treated cells. Based on our results
and literature search, we selected 0.06 mM and 0.3 mM PA treatment for 24 h as the optimum doses for
our further studies.

Nutrients 2019, 11, x FOR PEER REVIEW 6 of 23 

Figure 1 shows a decrease in HepG2 cell viability with increasing concentrations of PA from 0.02 
mM to 0.5 mM for 24 h, both in the presence of normal glucose as well as HG concentrations. The 
maximum inhibition (36–40%) was observed with the highest concentration of PA. No significant 
difference in the effects of PA was observed in normal glucose or HG treated cells. Based on our 
results and literature search, we selected 0.06 mM and 0.3 mM PA treatment for 24 h as the optimum 
doses for our further studies. 

 
Figure 1. Effect of high glucose/high palmitic acid (HG/HPA) on cell viability. HepG2 cells (~2 × 104) 
were treated with MTT as described in the Materials and Methods section, and viability was measured 
by formazan formation as a mitochondrial function of viable cells and measured at 570 nm. ‘C’ 
represents untreated control cells. The results are expressed as mean +/− SEM of three independent 
experiments. The asterisks indicate significant difference (* p ≤ 0.05, ** p ≤ 0.005,) from the control 
untreated cells. 

A significant increase (31%) in ROS production was seen with 0.3 mM PA in the presence of NG, 
while 0.06 mM PA showed no appreciable effects. On the other hand, PA treatment markedly 
increased (60–70%) ROS production in the presence of HG (Figure 2A). These results suggest that PA 
treatment augments ROS production in the presence of high glucose. FACS and microscopic analysis 
(Figure 2B,C) confirmed the increased production of ROS with PA treatment.  
A 

 
  

Figure 1. Effect of high glucose/high palmitic acid (HG/HPA) on cell viability. HepG2 cells (~2 × 104)
were treated with MTT as described in the Materials and Methods section, and viability was measured by
formazan formation as a mitochondrial function of viable cells and measured at 570 nm. ‘C’ represents
untreated control cells. The results are expressed as mean +/− SEM of three independent experiments.
The asterisks indicate significant difference (* p ≤ 0.05, ** p ≤ 0.005,) from the control untreated cells.

A significant increase (31%) in ROS production was seen with 0.3 mM PA in the presence of
NG, while 0.06 mM PA showed no appreciable effects. On the other hand, PA treatment markedly
increased (60–70%) ROS production in the presence of HG (Figure 2A). These results suggest that PA
treatment augments ROS production in the presence of high glucose. FACS and microscopic analysis
(Figure 2B,C) confirmed the increased production of ROS with PA treatment.
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Figure 2. Effect of high glucose/high palmitic acid (HG/HPA) on reactive oxygen species (ROS)
production. HepG2 cells were treated with high glucose/high palmitic acid, as described in the Materials
and Methods section, and ROS were measured fluorimetrically (A) using the cell permeable probe
2′,7′-dichlorofluorescein diacetate (DCFDA), and by flow cytometry (B) using the FACSDiva software,
as described previously. Production of ROS was also measured microscopically, in which cells grown on
cover slips were incubated with DCFDA after high glucose/high palmitic acid treatment and fluorescence
immediately visualized using an Olympus fluorescence microscope (C). Original magnification ×200.
The results are expressed as mean +/− SEM of three independent experiments. Asterisks indicate
significant differences (* p ≤ 0.05, ** p ≤ 0.005) relative to untreated control cells under normal glucose
condition (NG-C), and triangles indicate significant differences (∆∆ p ≤ 0.005) relative to untreated
control cells under high glucose condition (HG-C).

Increased ROS production also resulted in the increased oxidative peroxidation of lipids (Figure 3A),
proteins (Figure 3B), and DNA (Figure 3C), and this oxidative stress damage to lipids, proteins, and DNA
by PA was more pronounced in the presence of HG.



Nutrients 2019, 11, 1979 8 of 21

Nutrients 2019, 11, x FOR PEER REVIEW 8 of 23 

Increased ROS production also resulted in the increased oxidative peroxidation of lipids (Figure 
3A), proteins (Figure 3B), and DNA (Figure 3C), and this oxidative stress damage to lipids, proteins, 
and DNA by PA was more pronounced in the presence of HG. 

In support of increased ROS production and oxidative-stress-related peroxidation, our results 
also demonstrated increased nuclear condensation (evident by decreased Hoechst nuclear staining 
Figure 3D) in cells treated with high PA in the presence of HG. 

 

 
Figure 3. Effect of high glucose/high palmitic acid (HG/HPA) on lipids, proteins and DNA 
degradation. Lipid peroxidation (LPO) was measured as the total amount of malonedialdehyde (A), 
as per the vendor’s protocol (Oxis Research, Inc.). Protein carbonylation (B) was assayed by the 
dinitrophenylhydrazine (DNPH) method, as described in the Materials and Methods section. DNA 
fragmentation (C) was analyzed by agarose gel (2%) electrophoresis and ethidium bromide staining. 
DNA fragmentation was also analyzed microscopically (D) by staining the treated cells with Hoechst 
33,342 dye, as described in the Materials and Methods section. Asterisks indicate significant 

Figure 3. Effect of high glucose/high palmitic acid (HG/HPA) on lipids, proteins and DNA
degradation. Lipid peroxidation (LPO) was measured as the total amount of malonedialdehyde
(A), as per the vendor’s protocol (Oxis Research, Inc.). Protein carbonylation (B) was assayed by the
dinitrophenylhydrazine (DNPH) method, as described in the Materials and Methods section. DNA
fragmentation (C) was analyzed by agarose gel (2%) electrophoresis and ethidium bromide staining.
DNA fragmentation was also analyzed microscopically (D) by staining the treated cells with Hoechst
33,342 dye, as described in the Materials and Methods section. Asterisks indicate significant differences
(** p ≤ 0.005) relative to untreated control cells under normal glucose condition (NG-C), and triangles
indicate significant differences (∆∆ p ≤ 0.005) relative to untreated control cells under high glucose
condition (HG-C).
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In support of increased ROS production and oxidative-stress-related peroxidation, our results
also demonstrated increased nuclear condensation (evident by decreased Hoechst nuclear staining
Figure 3D) in cells treated with high PA in the presence of HG.

A significant increase in the percentage of cells undergoing early/late apoptosis was also observed
by FACS analysis (Figure 4).
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Figure 4. Effect of high glucose/high palmitic acid (HG/HPA) on apoptosis. Apoptosis was measured by
FACS analysis, as described previously [25–29]. Histogram shows percentage of viable, early apoptotic,
late apoptotic, and dead cells. Representative dot plots from three experiments are shown. The results
are mean +/− SEM of three independent experiments.

3.2. Effects of HG/HFA on Antioxidant and Redox Metabolism

Figure 5A shows a marked reduction (40–70%) in the ratio of reduced (GSH) to oxidized (GSSG)
glutathione with increasing concentrations of PA. Interestingly, GSH concentration was about two-fold
higher in HepG2 cells treated with HG in comparison with NG-treated cells. PA treatment significantly
reduced the ratio of GSH/GSSG, suggesting a reduction in antioxidant homeostasis by PA treatment.
The activity of GSH-Px (Figure 5B) was significantly increased (50–90%) when cells were treated with
0.3 mM PA, under both normal and hyperglycemic conditions. This could be due to the increased
level of peroxides. On the other hand, the activity of GSH-reductase, which catalyzes the reduction of
oxidized glutathione, was significantly decreased (40–60%) in cells treated with 0.3 mM PA. A significant
alteration was observed with 0.06 mM PA only in the presence of HG (Figure 5C).

Similarly, activity of SOD, an antioxidant enzyme, was also significantly inhibited (30–60%)
by PA treatments, particularly at higher concentrations of PA (Figure 6A). On the other hand,
the activity of catalase, a hydrogen-peroxide-metabolizing enzyme, significantly increased with
increasing concentration of PA (Figure 6B). These results suggest cellular adaptation in antioxidant
and ROS metabolism in response to PA treatment in the presence of HG.
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Figure 5. Effect of high glucose/high palmitic acid (HG/HPA) on glutathione (GSH) metabolism.
HepG2 cells were treated with different doses of palmitic acid under normal and high glucose
conditions. GSH/GSSG (reduced/oxidized glutathione) ratio (A), GSH-Px (glutathione peroxidase)
(B), and GSH reductase (glutathione reductase) (C) were measured. Results are expressed as mean
+/− SEM of three experiments. Asterisks indicate significant differences (** p ≤ 0.005, *** p ≤ 0.001)
relative to untreated control cells under normal glucose condition (NG-C), triangles indicate significant
differences (∆ p ≤ 0.05, ∆∆ p ≤ 0.005, ∆∆∆ p ≤ 0.001) relative to untreated control cells under high
glucose condition (HG-C).
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Figure 6. Effect of high glucose/high palmitic acid (HG/HPA) on the activities of antioxidant
enzymes, superoxide dismutase (SOD), and catalase. HepG2 cells were treated with high glucose
and high fatty acids, as described in the Materials and Methods section. SOD (A) was measured as
percentage conversion of nitroblue tetrazolium (NBT) to NBT-diformazan according to the vendor’s
protocol. Catalase measurement (B) was based on the formaldehyde produced, which was measured
colorimetrically. Results are expressed as mean +/− SEM of three experiments. Asterisks indicate
significant differences (** p ≤ 0.005, *** p ≤ 0.001) relative to untreated control cells under normal glucose
condition (NG-C), and triangles indicate significant differences (∆∆ p ≤ 0.005, ∆∆∆ p ≤ 0.001) relative
to untreated control cells under high glucose condition (HG-C).
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3.3. Effects of HG/HFA on CYP450s and Glutathione S-Transferase (GST) Enzymes

CYP450s and GSTs play important roles in maintaining the redox homoeostasis and metabolite
pools for many physiological substrates, especially lipids, and xenobiotics. Our results shown in
Figure 7A–D demonstrate a marked increase (two–four-fold) in the activities of CYP2E1, CYP3A4,
CYP1A1, and CYP1A2 by PA in NG and HG treated cells. GST activity, however, was not significantly
altered after PA treatment (Figure 7E).Nutrients 2019, 11, x FOR PEER REVIEW 12 of 23 
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Figure 7. Effect of HG/HPA on CYP450 and GST activities. HepG2 cells were treated with high
glucose and high fatty acids, and the activities of different CYP450 enzymes (A–D) and GST (E)
were measured using the appropriate substrates, as described in the Materials and Methods section.
Asterisks indicate significant differences (* p ≤ 0.05, ** p ≤ 0.005, *** p ≤ 0.001) relative to untreated
control cells under normal glucose condition (NG-C), and triangles indicate significant differences
(∆∆ p ≤ 0.005, ∆∆∆ p ≤ 0.001) relative to untreated control cells under high glucose condition (HG-C).

3.4. Effects of HG/HFA on Mitochondrial Functions

A significant loss of mitochondrial membrane potential was observed in HepG2 cells after PA
treatment (Figure 8). HG treatment had a marginal effect on membrane potential disturbance.
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(Figure 9A). However, the activity of respiratory Complex IV, cytochrome c oxidase, was inhibited 
(25–42%) by PA treatment in the presence of NG and HG (Figure 9B). HG treatment itself showed a 
marginal reduction in Complex IV activity. In agreement, ATP content was also significantly reduced 
after HG/PA treatment (Figure 9C). These results suggest that HG/PA inhibited mitochondrial 
respiration and oxidative phosphorylation of ADP, which could be a sign of metabolic reprograming 
by the cells to the high nutrient overload. A Krebs’ cycle enzyme, aconitase, which is disintegrated 
under oxidative stress conditions, also showed significant inhibition of its catalytic activity by 0.3 mM 
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Figure 8. Effect of high glucose/high palmitic acid (HG/HPA) on mitochondrial membrane potential.
HepG2 cells were treated with high glucose and high fatty acids, and mitochondrial membrane
potential was measured by flow cytometry using a fluorescent cationic dye according to the vendor’s
protocol (DePsipherTM, R &D System Inc.). A typical histogram representing the percentage loss
of mitochondrial membrane potential is shown. Results are expressed as mean +/− SEM of three
experiments. Asterisks indicate significant differences (** p ≤ 0.005) relative to untreated control cells
under normal glucose condition (NG-C), and triangles indicate significant differences (∆∆ p ≤ 0.005)
relative to untreated control cells under high glucose condition (HG-C).

No significant alterations were observed in the activity of NADH-dehydrogenase, Complex I
(Figure 9A). However, the activity of respiratory Complex IV, cytochrome c oxidase, was inhibited
(25–42%) by PA treatment in the presence of NG and HG (Figure 9B). HG treatment itself showed
a marginal reduction in Complex IV activity. In agreement, ATP content was also significantly
reduced after HG/PA treatment (Figure 9C). These results suggest that HG/PA inhibited mitochondrial
respiration and oxidative phosphorylation of ADP, which could be a sign of metabolic reprograming
by the cells to the high nutrient overload. A Krebs’ cycle enzyme, aconitase, which is disintegrated
under oxidative stress conditions, also showed significant inhibition of its catalytic activity by 0.3 mM
PA in the presence of NG. Significant inhibition was also observed with high glucose alone, which was
not enhanced in the presence of PA (Figure 9D).

In contrast, cytosolic metabolism of glucose by hexokinase and G6PDH seemed to increase
when HepG2 cells were treated with HG alone (Figure 10A,B). However, treatment with PA at a
higher concentration (0.3 mM) significantly inhibited the activities of these enzymes in the presence
of NG and HG, suggesting adaptation and reprogramming in glycolytic glucose metabolism as well.
Glutamate dehydrogenase (Glutamate to alpha-ketoglutarate direction) was significantly increased
(Figure 10C) by PA treatment, suggesting the supply of metabolite for anaplerotic reactions in the
Krebs’ cycle for metabolic adaptation of energy metabolism.
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In contrast, cytosolic metabolism of glucose by hexokinase and G6PDH seemed to increase when 
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Figure 9. Effect of high glucose/high palmitic acid (HG/HPA) on mitochondrial enzymes and
bioenergetics. HepG2 cells were treated with different doses of palmitic acid in the presence of
normal and high glucose. Mitochondrial enzyme complexes, Complex I (A) and Complex IV (B),
as well as ATP levels (C) and a ROS-sensitive enzyme, aconitase (D), were measured as described
in the Materials and Methods section. Results are expressed as mean +/− SEM of three experiments.
Asterisks indicate significant differences (* p ≤ 0.05, ** p ≤ 0.005) relative to untreated control cells under
normal glucose condition (NG-C), and triangles indicate significant differences (∆ p ≤ 0.05) relative to
untreated control cells under high glucose condition (HG-C).
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in the cytosol (Figure 11) which again supports the metabolic reprograming towards anabolism as a 
measure to detoxify (store) nutrient overload and slow down the energy producing catabolic 
pathways. 

Figure 10. Effect of high glucose/high palmitic acid (HG/HPA) on cytosolic energy metabolizing
enzymes. HepG2 cells were treated with high glucose and high palmitic acid, and the activities of
hexokinase (A), glucose-6-phosphate dehydrogenase (G6PDH) (B), and glutamate dehydrogenase
(GDH) (C) were measured as described in the Materials and Methods section. Results are expressed as
mean +/− SEM of three experiments. Asterisks indicate significant differences (* p ≤ 0.05, ** p ≤ 0.005,
*** p ≤ 0.001) relative to untreated control cells under normal glucose condition (NG-C), and triangles
indicate significant differences (∆∆ p ≤ 0.005, ∆∆∆ p ≤ 0.001) relative to untreated control cells under
high glucose condition (HG-C).

HepG2 cells treated with HG/PA also exhibited increased deposits of TG-enriched lipid droplets
in the cytosol (Figure 11) which again supports the metabolic reprograming towards anabolism as a
measure to detoxify (store) nutrient overload and slow down the energy producing catabolic pathways.Nutrients 2019, 11, x FOR PEER REVIEW 16 of 23 
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Figure 11. Effect of high glucose/high palmitic acid (HG/HPA) on lipid accumulation. HepG2 cells
were grown on coverslips, treated with different doses of palmitic acid under normal and high glucose
conditions, and stained with Oil Red O dye, as described in the Materials and Methods section.
Hematoxylin was used for nuclear staining and viewed using the EVOS XL Core Imaging system
(40×magnification). Lipid droplets appear red and nuclei appear blue.
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HepG2 cells treated with 0.06 mM PA exhibited increased release of inflammatory markers TNF-α
and IL6 in the presence of NG and HG (Figure 12A,B). Similarly, NO synthesis was also increased by
PA treatment (Figure 12C). Surprisingly, not much alteration in inflammatory markers was observed
with 0.3 mM PA.
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Figure 12. Effect of high glucose/high palmitic acid (HG/HPA) on inflammatory markers. HepG2 cells
were treated with different doses of palmitic acid in normal/high glucose media, and inflammatory
markers, TNF-α (A), IL6 (B), and NO levels (C) were measured in the media supernatants, as described
in the Materials and Methods section. Results are expressed as mean +/− SEM of three experiments.
Asterisks indicate significant differences (** p ≤ 0.005, *** p ≤ 0.001) relative to untreated control cells
under normal glucose condition (NG-C), and triangles indicate significant differences (∆∆ p ≤ 0.005)
relative to untreated control cells under high glucose condition (HG-C).

Figure 13A shows the expression of proteins involved in cell survival and energy sensing.
As shown, increased cleavage of PARP and caspase-3 was observed, suggesting increased apoptosis
when cells were treated with HG/HPA. Increased translocation of NF-kB from cytosol of HPA-treated
cells also suggests an increase in inflammatory and redox signaling. A decrease in the phosphorylation
of AMPK, a sensor of cell energy hemostasis and metabolism, with a concomitant increase in the
phosphorylation of mTOR, an autophagy inhibitor, was observed under HG/HFA conditions. This could
again be a metabolic adaptation of the cells to divert catabolism to anabolism for storage of glucose
and lipids. In support of our results demonstrating the increased catalytic activities of CYP 2E1
(also a marker of increased oxidative stress in cells) and CYP 3A4 by HPA treatment, our results
also demonstrated an increase in the expression of the corresponding proteins for CYP 2E1 and CYP
3A4 (Figure 13B).
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abundant saturated fatty acid (lipotoxicity) alone or in combination, and investigated inflammatory 
and oxidative stress responses in conjunction with metabolic changes in energy metabolism in these 
cells. Consistently with the numerous studies cited above, our results indicated increased production 
of ROS, oxidative damages to the lipids, proteins, and DNA, altered redox homeostasis, increased 
inflammatory responses, and adaptation of glycolytic and mitochondrial energy metabolism in 
response to HG and HPA, especially in combination. Our results also indicated that glucotoxicity and 

Figure 13. Effect of HG/HPA on protein expression. Samples of 50 ug protein from control and HG/HPA
treated cellular extracts were separated on 12% SDS-PAGE gels and electroblotted onto nitrocellulose by
western blot technique. The proteins were then detected using specific antibodies for PARP, caspase-3,
mTOR, p-mTOR, AMPK, p-AMPK (A), and NFkB, CYP 2E1, and CYP 3A4 (B). Beta-actin was used as
loading control. The quantitation of the protein bands is expressed as relative ratios normalized against
actin or other specific proteins as appropriate. The figures are representative of three experiments.
Asterisks indicate significant difference (* p ≤ 0.05, ** p ≤ 0.005) relative to untreated control cells under
normal glucose condition (NG-C), (∆ p ≤ 0.05, ∆∆ p ≤ 0.005) relative to untreated control cells under
high glucose condition (HG-C).
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4. Discussion

Glucolipotoxicity induces metabolic syndrome, as seen in insulin resistant type 2 diabetes, obesity,
nonalcoholic fatty liver disease (NAFLD), and cardiovascular complications [12,40,41]. Both in vitro cell
culture and in vivo animal studies have implicated oxidative stress, inflammation, and mitochondrial
dysfunction caused by glucolipotoxicity in the progress of disease complications [8,13,42–45].
Our previous studies on hyperglycemia and hyperlipidemia models using STZ-induced type 1
and obese and non-obese animal models of type 2 diabetes have shown the involvement of oxidative
stress and reduction in mitochondrial respiratory function and energy metabolism in multiple organ
dysfunctions [45–48]. However, under in vivo conditions, the combined effects of glucolipotoxicity are
difficult to evaluate, as it is a complex process and represents the effects of numerous physiological,
endocrine, and environmental factors working in tandem, which cause alterations in energy metabolism
and organ responses. Therefore, in analogy, we exposed HepG2 cells to high concentrations of glucose
(25 mM) (glucotoxicity) and palmitic acid (0.3 mM), the most abundant saturated fatty acid (lipotoxicity)
alone or in combination, and investigated inflammatory and oxidative stress responses in conjunction
with metabolic changes in energy metabolism in these cells. Consistently with the numerous studies
cited above, our results indicated increased production of ROS, oxidative damages to the lipids,
proteins, and DNA, altered redox homeostasis, increased inflammatory responses, and adaptation of
glycolytic and mitochondrial energy metabolism in response to HG and HPA, especially in combination.
Our results also indicated that glucotoxicity and apoptosis were augmented in the presence of PA.
Glucolipotoxicity also resulted in increased production of inflammatory markers IL6 and TNF-α and
increased NO production under increased oxidative stress conditions, resulting in loss of mitochondrial
membrane potential and respiratory complex IV activity. This, in turn, resulted in the reduction of
ATP production and ROS-sensitive aconitase activity. These results have confirmed our previous
finding using in vivo diabetic models of hyperlipidemia and hyperglycemia [45–48]. Glucolipotoxicity
caused increased ROS production and DNA damage, which, in turn, augmented mitochondrial
dysfunction and apoptosis in HepG2, as well as numerous other cell types [43,44,49–52]. In the
present study, we also demonstrated that HPA caused inhibition of the glycolytic glucose metabolizing
enzyme, hexokinase, and G-6-P-dehydrogenase activities, suggesting a reduction in glucose oxidative
pathways. Previous studies [52] have also supported these findings, suggesting an adaptation in energy
metabolism to reduce the catabolic production of ATP, and perhaps suggesting that the nutrient overload
might be diverting the metabolism to anabolism (increased glycogen and triglyceride synthesis) as a
way to detoxify (adapt to) HG/HPA toxicity. We also have demonstrated an increase in mitochondrial
glutamate dehydrogenase (glutamate to alpha-ketoglutarate) and accumulation of lipid in HepG2 cells,
indicating increased anabolic and anaplerotic pathways in nutrient overload, causing inhibition of
autophagy and leading to increased apoptosis [13,15,16,21,53]. This observation was again supported by
our results on HepG2 glucolipotoxicity, where we have shown an increased phosphorylation of mTOR
and a simultaneous decreased phosphorylation of AMPK. Previous studies have also demonstrated a
decrease in AMPK and increase in mTOR activities by glucolipotoxicity under increased inflammatory
and oxidative stress (increased ROS) conditions due to nutrient overload, causing a decrease in
autophagy and increased apoptosis with alterations in redox/ROS homeostasis [54–56]. This could
again mean metabolic adaptation by the cells to divert catabolism toward anabolism for storage
of glucose and triglyceride (as evidenced by the increased lipid accumulation). In our study on
HepG2 cells, glucolipotoxicity by HG and HPA also induced NF-kB and other inflammatory markers,
in addition to alterations in glutathione antioxidant metabolism and induction of the CYP450 detoxifying
enzymes. Increased CYP3A4 and CYP2E1 activities have also been reported by us, as well as other
researchers in hyperglycemia under diabetic conditions, as well as under in vitro conditions of nutrient
overload [44,45,57].
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5. Conclusions

Our results suggest that under nutrient overload conditions, in the presence of HG and high
PA, a saturated fatty acid, HepG2 cells undergo severe metabolic and oxidative stress, causing
increased ROS production, lipid, protein, and DNA damage, NF-kB-, TNF-α-, IL6-, and NO-dependent
inflammatory responses, increased apoptosis, and decreased mitochondrial function leading to altered
energy metabolism. The increased glucolipotoxicity also caused alterations in GSH-dependent redox
metabolism, as well as in CYP-dependent metabolism of endogenous and exogenous compounds.
NF-kB/AMPK/mTOR-dependent metabolic signaling appears, at least in part, to play a key role in the
metabolic adaptation of cells under glucolipotoxicity conditions. These results might have implications
in understanding and elucidating the molecular mechanisms of hyperglycemia/hyperlipidemia-induced
complications in diabesity and cardiovascular diseases, as well as in identifying molecular targets for
therapeutic management.
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Abbreviations

PA palmitic acid
NG normal glucose
HG high glucose
HFA high fatty acid
HPA high palmitic acid
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
ROS reactive oxygen species
CDNB 1-chloro 2,4-dinitrobenzene
DCFDA 2′,7′-dichlorofluorescein diacetate
LPO lipid peroxidation
NO nitric oxide
GSH reduced glutathione
GSSG oxidized glutathione
GST glutathione S-transferase
GSH-Px glutathione peroxidase
GSH-Red glutathione reductase
SOD superoxide dismutase
CYP cytochrome P450
MMP mitochondrial membrane potential
GDH glutamate dehydrogenase
HK hexokinase
G6PDH glucose 6-phosphate dehydrogenase
TG triglyceride
NF-kB nuclear factor kappa-light-chain-enhancer of activated B cells
AMPK AMP-activated protein kinase
mTOR mammalian target of rapamycin
TNF-α tumor necrosis factor alpha
IL6 interleukin 6



Nutrients 2019, 11, 1979 19 of 21

References

1. Robertson, R.P.; Harmon, J.; Tran, P.O.T.; Poitout, V. Beta-cell glucose toxicity, lipotoxicity, and chronic
oxidative stress in type 2 diabetes. Diabetes 2004, 53, S119–S124. [CrossRef]

2. Brownlee, M. Biochemistry and molecular cell biology of diabetic complications. Nature 2001, 414, 813–820.
[CrossRef] [PubMed]

3. Groop, L.C.; Bonadonna, R.C.; Del, P.S.; Ratheiser, K.; Zyck, K.; Ferrannini, E.; DeFronzo, R.A. Glucose and
free fatty acid metabolism in non-insulin dependent diabetes mellitus. Evidence for multiple sites of insulin
resistance. J. Clin. Investig. 1989, 84, 205–213. [CrossRef]

4. Groop, L.; Saloranta, C.; Shank, M.; Bonadonna, R.C.; Ferrannini, E.; DeFronzo, R.A. The role of fatty acid
metabolism in the pathogenesis of insulin resistance in obesity and non-insulin dependent diabetes mellitus.
J. Clin. Endocrinol. Metab. 1991, 72, 96–107. [CrossRef] [PubMed]

5. Xu, H.; Barnes, G.T.; Yang, Q.; Tan, G.; Yang, D.; Chou, C.J.; Sole, J.; Nichols, A.; Ross, J.S.; Tartaglia, L.A.;
et al. Chronic inflammation in fat plays a crucial role in the development of obesity-related insulin resistance.
J. Clin. Investig. 2003, 112, 1821–1830. [CrossRef] [PubMed]

6. Furukawa, S.; Fujita, T.; Shimabukuro, M.; Iwaki, M.; Yamada, Y.; Nakajima, Y.; Nakayama, O.; Makishima, M.;
Matsuda, M.; Shimomura, I. Increased oxidative stress in obesity and its impact on metabolic syndrome.
J. Clin. Investig. 2004, 114, 1752–1761. [CrossRef] [PubMed]

7. Cnop, M. Fatty acids and glucolipotoxicity in the pathogenesis of Type 2 diabetes. Biochem. Soc. Trans. 2008,
36, 348–352. [CrossRef]

8. Poitout, V.; Robertson, R.P. Glucolipotoxicity: Fuel excess and beta-cell dysfunction. Endocr. Rev. 2008, 29,
351–366. [CrossRef] [PubMed]

9. Warensjö, E.; Risérus, U.; Vessby, B. Fatty acid composition of serum lipids predicts the development of the
metabolic syndrome in men. Diabetologia 2005, 48, 1999–2005. [CrossRef] [PubMed]

10. Zhao, L.; Guo, X.; Wang, O.; Zhang, H.; Zhou, F.; Liu, J.; Ji, B. Fructose and glucose combined with free fatty
acids induce metabolic disorders in HepG2 cell: A new model to study the impacts of high-fructose/sucrose
and high-fat diets in vitro. Mol. Nutr. Food Res. 2016, 60, 909–921. [CrossRef]

11. Arner, P. Insulin resistance in type 2 diabetes: Role of fatty acids. Diabetes/Metab. Res. Rev. 2002, 18, S5–S9.
[CrossRef]

12. Hirabara, S.M.; Curi, R.; Maechler, P. Saturated fatty acid-induced insulin resistance is associated with
mitochondrial dysfunction in skeletal muscle cells. J. Cell. Physiol. 2010, 222, 187–194. [CrossRef]

13. Yao, H.-R.; Liu, J.; Plumeri, D.; Cao, Y.-B.; He, T.; Lin, L.; Li, Y.; Jiang, Y.-Y.; Li, J.; Shang, J. Lipotoxicity in
HepG2 cells triggered by free fatty acids. Am. J. Transl. Res. 2011, 3, 284–291. [PubMed]

14. Ricchi, M.; Odoardi, M.R.; Carulli, L.; Anzivino, C.; Ballestri, S.; Pinetti, A.; Fantoni, L.I.; Marra, F.;
Bertolotti, M.; Banni, S.; et al. Differential effect of oleic and palmitic acid on lipid accumulation and apoptosis
in cultured hepatocytes. J. Gastroenterol. Hepatol. 2009, 24, 830–840. [CrossRef]

15. Mei, S.; Ni, H.-M.; Manley, S.; Bockus, A.; Kassel, K.M.; Luyendyk, J.P.; Copple, B.L.; Ding, W.-X. Differential
Roles of Unsaturated and Saturated Fatty Acids on Autophagy and Apoptosis in Hepatocytes. J. Pharmacol.
Exp. Ther. 2011, 339, 487–498. [CrossRef] [PubMed]

16. Maedler, K.; Oberholzer, J.; Bucher, P.; Spinas, G.A.; Donath, M.Y. Monounsaturated fatty acids prevent
the deleterious effects of palmitate and high glucose on human pancreatic beta-cell turnover and function.
Diabetes 2003, 52, 726–733. [CrossRef] [PubMed]

17. Chavez, J.A.; Summers, S.A. Lipid oversupply, selective insulin resistance, and lipotoxicity: Molecular mechanisms.
Biochim. Biophys. Acta 2010, 1801, 252–265. [CrossRef]

18. Hotamisligil, G.S. Endoplasmic Reticulum Stress and the Inflammatory Basis of Metabolic Disease. Cell 2010,
140, 900–917. [CrossRef] [PubMed]

19. Grishko, V.; Rachek, L.; Musiyenko, S.; LeDoux, S.P.; Wilson, G.L. Involvement of mtDNA damage in free
fatty acid-induced apoptosis. Free Radic. Biol. Med. 2005, 38, 755–762. [CrossRef] [PubMed]

20. Brookheart, R.T.; Michel, C.I.; Scaffer, J.E. As a matter of fat. Cell Metab. 2009, 10, 9–12. [CrossRef]
21. Mir, S.U.R.; George, N.M.; Zahoor, L.; Harms, R.; Guinn, Z.; Sarvetnick, N.E. Inhibition of autophagic

turnover in β- cells by fatty acids and glucose leads to apoptotic cell death. J. Biol. Chem. 2015, 290, 6071–6085.
[CrossRef] [PubMed]

http://dx.doi.org/10.2337/diabetes.53.2007.S119
http://dx.doi.org/10.1038/414813a
http://www.ncbi.nlm.nih.gov/pubmed/11742414
http://dx.doi.org/10.1172/JCI114142
http://dx.doi.org/10.1210/jcem-72-1-96
http://www.ncbi.nlm.nih.gov/pubmed/1986032
http://dx.doi.org/10.1172/JCI200319451
http://www.ncbi.nlm.nih.gov/pubmed/14679177
http://dx.doi.org/10.1172/JCI21625
http://www.ncbi.nlm.nih.gov/pubmed/15599400
http://dx.doi.org/10.1042/BST0360348
http://dx.doi.org/10.1210/er.2007-0023
http://www.ncbi.nlm.nih.gov/pubmed/18048763
http://dx.doi.org/10.1007/s00125-005-1897-x
http://www.ncbi.nlm.nih.gov/pubmed/16132958
http://dx.doi.org/10.1002/mnfr.201500635
http://dx.doi.org/10.1002/dmrr.254
http://dx.doi.org/10.1002/jcp.21936
http://www.ncbi.nlm.nih.gov/pubmed/21654881
http://dx.doi.org/10.1111/j.1440-1746.2008.05733.x
http://dx.doi.org/10.1124/jpet.111.184341
http://www.ncbi.nlm.nih.gov/pubmed/21856859
http://dx.doi.org/10.2337/diabetes.52.3.726
http://www.ncbi.nlm.nih.gov/pubmed/12606514
http://dx.doi.org/10.1016/j.bbalip.2009.09.015
http://dx.doi.org/10.1016/j.cell.2010.02.034
http://www.ncbi.nlm.nih.gov/pubmed/20303879
http://dx.doi.org/10.1016/j.freeradbiomed.2004.11.023
http://www.ncbi.nlm.nih.gov/pubmed/15721986
http://dx.doi.org/10.1016/j.cmet.2009.03.011
http://dx.doi.org/10.1074/jbc.M114.605345
http://www.ncbi.nlm.nih.gov/pubmed/25548282


Nutrients 2019, 11, 1979 20 of 21

22. Weikel, K.A.; Cacicedo, J.M.; Ruderman, N.B.; Ido, Y. Glucose and palmitate uncouple AMPK from autophagy
in human aortic endothelial cells. Am. J. Physiol. Cell Physiol. 2014, 308, C249–C263. [CrossRef] [PubMed]

23. Li, H.; Min, Q.; Ouyang, C.; Lee, J.; He, C.; Zou, M.-H.; Xie, Z. AMPK activation prevents excess
nutrient-induced hepatic lipid accumulation by inhibiting mTORC1 signaling and endoplasmic reticulum
stress response. Biochim. Biophys. Acta 2014, 1842, 1844–1854. [CrossRef]

24. Cacicedo, J.M.; Benjachareowong, S.; Chou, E.; Ruderman, N.B.; Ido, Y. Palmitate-induced apoptosis in
cultured bovine retinal periccytes: Roles of NAD (P)H oxidase, oxidative stress, and ceramide. Diabetes 2005,
54, 1838–1845. [CrossRef] [PubMed]

25. Raza, H.; John, A. Streptozotocin-Induced Cytotoxicity, Oxidative Stress and Mitochondrial Dysfunction in
Human Hepatoma HepG2 Cells. Int. J. Mol. Sci. 2012, 13, 5751–5767. [CrossRef] [PubMed]

26. Raza, H.; John, A.; Shafarin, J. Potentiation of LPS-Induced Apoptotic Cell Death in Human Hepatoma HepG2
Cells by Aspirin via ROS and Mitochondrial Dysfunction: Protection by N-Acetyl Cysteine. PLoS ONE 2016,
11, e0159750. [CrossRef]

27. Al-Nahdi, A.M.; John, A.; Raza, H. Cytoprotective Effects of N-Acetylcysteine on Streptozotocin- Induced
Oxidative Stress and Apoptosis in RIN-5F Pancreatic β-Cells. Cell. Physiol. Biochem. 2018, 51, 201–216.
[CrossRef]

28. Al Nahdi, A.M.T.; John, A.; Raza, H. Elucidation of Molecular Mechanisms of Streptozotocin-Induced
Oxidative Stress, Apoptosis, and Mitochondrial Dysfunction in Rin-5F Pancreatic β-Cells. Oxidative Med.
Cell. Longev. 2017, 2017, 7054272. [CrossRef]

29. Al-Nahdi, A.M.T.; John, A.; Raza, H. Streptozotocin-induced molecular and metabolic targets in pancreatic
beta-cell toxicity. Hamdan Med. J. 2019, 12, 65–71.

30. Paglia, D.E.; Valentine, W.N. Studies on the quantitative and qualitative characterization of erythrocyte
glutathione peroxidase. J. Lab. Clin. Med. 1967, 70, 158–169.

31. Smith, I.K.; Vierheller, T.L.; Thorne, C.A. Assay of glutathione reductase in crude tissue homogenates using
5,5′-dithiobis(2-nitrobenzoic acid). Anal. Biochem. 1988, 175, 408–413. [CrossRef]

32. Habig, W.H.; Pabst, M.J.; Jakoby, W.B. Glutathione S-transferases. The first enzymatic step in mercapturic
acid formation. J. Biol. Chem. 1974, 249, 7130–7139. [PubMed]

33. Czygan, P.; Greim, H.; Garro, A.J.; Hutterer, F.; Schaffner, F.; Popper, H.; Rosenthal, O.; Cooper, D.Y.
Microsomal metabolism of dimethylnitrosamine and the cytochrome P-450 dependency of its activation to a
mutagen. Cancer Res. 1973, 33, 2983–2986.

34. Wang, R.W.; Newton, D.J.; Scheri, T.D.; Lu, A.Y. Human cytochrome P450 3A4-Catalyzed testosterone
6b-hydroxylation and erythromycin N- demethylation: Competition during catalysis. Drug Metab. Dispos.
1997, 25, 502–507. [PubMed]

35. Pohl, R.J.; Fouts, J.R. A rapid method for assaying the metabolism of 7-ethoxyresorufin by microsomal
subcellular fractions. Anal. Biochem. 1980, 107, 150–155. [CrossRef]

36. Nerurkar, P.V.; Park, S.S.; Thomas, P.E.; Nims, R.W.; Lubet, R.A. Methoxyresorufin and benzyloxyresorufin:
Substrates preferentially metabolized by cytochromes P4501A2 AND 2B, respectively, in the rat and mouse.
Biochem. Pharmacol. 1993, 46, 933–943. [CrossRef]

37. Birch-Machin, M.A.; Turnbull, D.M. Chapter 5 Assaying mitochondrial respiratory complex activity in
mitochondria isolated from human cells and tissues. Methods Cell Biol. 2001, 65, 97–117.

38. Raza, H.; John, A.; Shafarin, J. NAC Attenuates LPS-Induced Toxicity in Aspirin-Sensitized Mouse
Macrophages via Suppression of Oxidative Stress and Mitochondrial Dysfunction. PLoS ONE 2014,
9, e103379. [CrossRef]

39. Pittenger, M.F. Multilineage Potential of Adult Human Mesenchymal Stem Cells. Science 1999, 284, 143–147.
[CrossRef]

40. Iori, E.; Vinvi, B.; Murphy, E.; Marescotti, M.C.; Avogara, A.; Ahluwalia, A. Glucose and fatty acid metabolism
in a 3 tissue in-vitro model challenged with normo- and hyperglycemia. PLoS ONE 2012, 7, e34704. [CrossRef]

41. Barlow, J.; Jensen, V.H.; Jastroch, M.; Affourtit, C. Palmitae-induced impairment of glucose-stimulated insulin
secretion preceds mitochondrial dysfunction in mouse pancreatic islets. Biochem. J. 2016, 473, 487–496.
[CrossRef] [PubMed]

http://dx.doi.org/10.1152/ajpcell.00265.2014
http://www.ncbi.nlm.nih.gov/pubmed/25354528
http://dx.doi.org/10.1016/j.bbadis.2014.07.002
http://dx.doi.org/10.2337/diabetes.54.6.1838
http://www.ncbi.nlm.nih.gov/pubmed/15919807
http://dx.doi.org/10.3390/ijms13055751
http://www.ncbi.nlm.nih.gov/pubmed/22754329
http://dx.doi.org/10.1371/journal.pone.0159750
http://dx.doi.org/10.1159/000495200
http://dx.doi.org/10.1155/2017/7054272
http://dx.doi.org/10.1016/0003-2697(88)90564-7
http://www.ncbi.nlm.nih.gov/pubmed/4436300
http://www.ncbi.nlm.nih.gov/pubmed/9107550
http://dx.doi.org/10.1016/0003-2697(80)90505-9
http://dx.doi.org/10.1016/0006-2952(93)90504-P
http://dx.doi.org/10.1371/journal.pone.0103379
http://dx.doi.org/10.1126/science.284.5411.143
http://dx.doi.org/10.1371/journal.pone.0034704
http://dx.doi.org/10.1042/BJ20151080
http://www.ncbi.nlm.nih.gov/pubmed/26621874


Nutrients 2019, 11, 1979 21 of 21

42. Nakamura, S.; Takamura, T.; Matsuzawa-Nagata, N.; Takayama, H.; Misu, H.; Noda, H.; Nabemoto, S.;
Kurita, S.; Ota, T.; Ando, H.; et al. Palmitate Induces Insulin Resistance in H4IIEC3 Hepatocytes through
Reactive Oxygen Species Produced by Mitochondria. J. Biol. Chem. 2009, 284, 14809–14818. [CrossRef]
[PubMed]

43. Inoguchi, T.; Li, P.; Umeda, F.; Yu, H.Y.; Kakimoto, M.; Imamura, M.; Aoki, T.; Etoh, T.; Hashimoto, T.;
Naruse, M.; et al. High glucose level and fress fatty acid stimulate reactive oxygen species production
through protein kinase C-dependent activation of NAD9P)H oxidase in cultured vascular cells. Diabetes
2000, 49, 1939–1945. [CrossRef] [PubMed]

44. Garcia, R.I.; Solis-Munoz, P.; Fernandez-Moreira, D.; Munoz-Yague, T.; Solis-Herruzo, J.A. In vitro treatment
of HepG2 cells with saturated fatty acids reproduces mitochondrial dysfunction found in metabolic
steatohepatitis. Dis. Models Mech. 2015, 8, 183–191. [CrossRef]

45. Raza, H.; Prabu, S.K.; Robin, M.-A.; Avadhani, N.G. Elevated mitochondrial cytochrome P450 2E1 and
glutathione S-transferase A4-4 in streptozotocin-induced diabetic rats: Tissue-specific variations and roles in
oxidative stress. Diabetes 2004, 53, 185–194. [CrossRef]

46. Raza, H.; John, A.; Howarth, F.C. Increased Metabolic Stress in Zucker Diabetic Fatty Rat Kidney and
Pancreas. Cell. Physiol. Biochem. 2013, 32, 1610–1620. [CrossRef]

47. Raza, H.; John, A.; Howarth, F.C. Alterations in Glutathione Redox Metabolism, Oxidative Stress, and
Mitochondrial Function in the Left Ventricle of Elderly Zucker Diabetic Fatty Rat Heart. Int. J. Mol. Sci. 2012,
13, 16241–16254. [CrossRef]

48. Raza, H.; John, A.; Shafarin, J.; Howarth, F.C. Exercise-induced alterations in pancreatic oxidative stress and
mitochondrial function in type 2 diabetic Goto-Kakizaki rats. Physiol. Rep. 2016, 4, e12751. [CrossRef]

49. Fu, J.; Qui, Q.; Yang, B.; Hou, Y.; Wang, H.; Xu, Y.; Wang, D.; Zhang, Q.; Pi, J. The impairment of
glucose-stimulated insulin secretion in pancreatic B-cells caused by prolonged glucotoxicity and lipotoxicity
is associated with elevated adaptive antioxidant response. Food Chem. Toxicol. 2017, 100, 161–167. [CrossRef]
[PubMed]

50. Kumar, B.; Kowluru, A.; Kowluru, R.A. Lipotoxicity Augments Glucotoxicity-Induced Mitochondrial
Damage in the Development of Diabetic Retinopathy. Investig. Opthalmology Vis. Sci. 2015, 56, 2985–2992.
[CrossRef]

51. Tu, Q.-Q.; Zheng, R.-Y.; Li, J.; Hu, L.; Chang, Y.-X.; Li, L.; Li, M.-H.; Wang, R.-Y.; Huang, D.-D.; Wu, M.-C.;
et al. Palmitic acid induces autophagy in hepatocytes via JNK2 activation. Acta Pharmacol. Sin. 2014, 35,
504–512. [CrossRef] [PubMed]

52. Zhang, Z.; Liew, C.W.; Handy, D.E.; Zhang, Y.; Leopold, J.A.; Hu, J.; Guo, L.; Kulkarni, R.N.; Loscalzo, J.;
Stanton, R.C. High glucose inhibits glucose-6-phosphate dehydrogenase, leading to increased oxidative
stress and β-cell apoptosis. FASEB J. 2010, 24, 1497–1505. [CrossRef] [PubMed]

53. Yang, J.-P.; Shin, J.-H.; Seo, S.-H.; Kim, S.-G.; Lee, S.H.; Shin, E.-H. Effects of Antioxidants in Reducing
Accumulation of Fat in Hepatocyte. Int. J. Mol. Sci. 2018, 19, 2563. [CrossRef] [PubMed]

54. Ding, W.-X. Uncoupling AMPK from autophagy: A foe that hinders the beneficial effects of metformin
treatment on metabolic syndrome-associated atherosclerosis? Focus on “Glucose and palmitate uncouple
AMPK from autophagy in human aortic endothelial cells”. Am. J. Physiol. Cell Physiol. 2015, 308, C246–C248.
[CrossRef] [PubMed]

55. Hinchy, E.C.; Gruszczyk, A.V.; Willows, R.; Navaratnam, N.; Hall, A.R.; Bates, G.; Bright, T.P.; Krieg, T.;
Carling, D.; Murphy, M.P. Mitochondria-derived ROS activate AMP-activated protein kinase (AMPK)
indirectly. J. Biol. Chem. 2018, 293, 17208–17217. [CrossRef] [PubMed]

56. Lindholm, C.R.; Ertel, R.L.; Bauwens, J.D.; Schmuck, E.G.; Mulligan, J.C.; Saupe, K.W. A high fat diet
decreases AMPK activity in multiple tissues in the absence of hyperglycemia or systemic inflammation in
rats. J. Physiol. Biochem. 2013, 69, 165–175. [CrossRef]

57. Hu, N.; Hu, M.; Duan, R.; Liu, C.; Guo, H.; Zhang, M.; Yu, Y.; Wang, X.; Liu, L.; Liu, X. Increased levels of
fatty acids contributed to induction of hepatic CYP3A4 activity induced by diabetes—In vitro evidence from
HepG2 cell and Fa2N-4 cell lines. J. Pharmacol. Sci. 2014, 124, 433–444. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1074/jbc.M901488200
http://www.ncbi.nlm.nih.gov/pubmed/19332540
http://dx.doi.org/10.2337/diabetes.49.11.1939
http://www.ncbi.nlm.nih.gov/pubmed/11078463
http://dx.doi.org/10.1242/dmm.018234
http://dx.doi.org/10.2337/diabetes.53.1.185
http://dx.doi.org/10.1159/000356597
http://dx.doi.org/10.3390/ijms131216241
http://dx.doi.org/10.14814/phy2.12751
http://dx.doi.org/10.1016/j.fct.2016.12.016
http://www.ncbi.nlm.nih.gov/pubmed/28027979
http://dx.doi.org/10.1167/iovs.15-16466
http://dx.doi.org/10.1038/aps.2013.170
http://www.ncbi.nlm.nih.gov/pubmed/24608675
http://dx.doi.org/10.1096/fj.09-136572
http://www.ncbi.nlm.nih.gov/pubmed/20032314
http://dx.doi.org/10.3390/ijms19092563
http://www.ncbi.nlm.nih.gov/pubmed/30158441
http://dx.doi.org/10.1152/ajpcell.00375.2014
http://www.ncbi.nlm.nih.gov/pubmed/25500743
http://dx.doi.org/10.1074/jbc.RA118.002579
http://www.ncbi.nlm.nih.gov/pubmed/30232152
http://dx.doi.org/10.1007/s13105-012-0199-2
http://dx.doi.org/10.1254/jphs.13212FP
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Cell Culture, Treatment and Fractionation 
	Measurement of Cell Survival 
	Measurement of ROS, LPO, Protein Peroxidation, DNA Damage, and Apoptosis 
	Measurement of GSH–Redox Metabolism 
	Measurement of Catalase and SOD 
	Measurement of Cytochrome P450 Activities 
	Measurement of Mitochondrial Functions 
	Measurement of Mitochondrial Bioenergetics 
	Measurement of Hexokinase and Glucose-6-Phosphate Dehydrogenase (G6PDH) Activities 
	Measurement of Inflammatory Markers, NO, and Lipid Accumulation 
	SDS-PAGE and Western Blot Analysis 
	Statistical Analysis 

	Results 
	Effects of HG/HFA on Cell Survival, Oxidative Stress, and Apoptosis 
	Effects of HG/HFA on Antioxidant and Redox Metabolism 
	Effects of HG/HFA on CYP450s and Glutathione S-Transferase (GST) Enzymes 
	Effects of HG/HFA on Mitochondrial Functions 

	Discussion 
	Conclusions 
	References

