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Abstract

BACKGROUND AND PURPOSE In this study, we compared the different effect of Dimethyl-2-ketoglutarate (DMKG) on
energy metabolism, autophagy, and apoptosis between parental and doxorubicin-resistant liver cancer cell lines. EXPERIMEN-
TAL APPROACH In the energy metabolism section, cell viability, adenosine triphosphate (ATP) level, doxorubicin (DOX)
content, energy metabolism phenotype, and enzymes expression were measured. In the autophagy part, autophagy vesicles
were observed, enzymes expression and cell viability were detected. Apoptosis rate and expression of enzymes were detected
in the apoptosis part. KEY RESULTS DMKG can directly act on ATP synthase and prolyl hydroxylase, affecting the cellular
oxidative phosphorylation and glycolysis levels, respectively, in both SMMC-7721 and SMMC-7721/DOX cells. However, its
practical effects depend on the function of the mitochondrial malate-aspartate shuttle. Furthermore, ATP-reduced cell au-
tophagy had partial anti-apoptotic effects in SMMC-7721 cells, which is an important reason for the weak inhibition of cell
viability observed at low doses of DMKG. In contrast, DMKG showed no significant effect on autophagy but a high cell death
rate in SMMC-7721/DOX cells. Induced high expression levels of p-AMPK, p-mTOR, and Bcl-2 could inhibit DMKG-induced
apoptosis in SMMC-7721 cells. However, activation of Caspase-3 was the most important molecular effect that was observed
in relation to the DMKG-induced apoptosis in SMMC-7721/DOX cells. CONCLUSIONS AND IMPLICATIONS These results
suggest that inhibition of energy metabolism can reduce the effects of autophagy in DOX resistant cells, which could improve
the therapeutic outcomes and reverse the resistance to chemotherapeutic drugs. This article provides a new idea and method

for reversing tumor resistance.
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Introduction



The reprogramming of energy metabolism widely exists in tumor cells (Vander et al. , 2017). Glycolysis
is often abnormally activated, with or without decreased levels of oxidative phosphorylation (OXPHOS),
which provides a certain number of ATP molecules to maintain the normal cellular physiology and sufficient
intermediate metabolites for biosynthesis (Bayliak et al., 2017). Through a complex feedback regulation,
some intermediate metabolites can interfere with OXPHOS or glycolysis to maintain a relative balance
between the cellular energy metabolism and material metabolism (Hossain et al., 2019)

SMMC-7721 is a human hepatocarcinoma cell (HCC) line that exhibits characteristic metabolic phenotype of
enhanced glycolytic activity, with relative deficiency of mitochondrial energy metabolism and spare capacity
of OXPHOS. However, when these cells acquired drug resistance by sustained low dose doxorubicin (DOX)
treatment (SMMC-7721/ DOX), the mitochondrial energy metabolism was found to be increased significantly
(Abboud et al., 2018). These phenotypic changes in the cellular energy metabolism reflects the activation of
tricarboxylic acid cycle (TCA cycle), OXPHOS, malate-aspartate shuttle (MAS), and dynamic changes in a
series of intermediates (Haase et al.,2017).

o-ketoglutarate (a-KG) is one of the most important intermediate metabolites of TCA and MAS, and it
acts as a feedback regulator of OXPHOS and glycolysis, altering the cellular energy metabolism (Fonsecaet
al., 2019). On one hand, o-KG can inhibit the activity of ATP synthase in the mitochondria, causing a
decrease in the mitochondrial energy metabolism (Tarhonskaya et al., 2014; Fu et al., 2015). On the other
hand, o-KG can exert a suppressive effect on glycolysis by enhancing the activity of prolyl hydroxylase
(PHD) in the cytoplasm, which is a rate-limiting enzyme in the degradation of hypoxia inducible factor-1la
(HIF-1o) (Abbresciaet al., 2012; Wang et al., 2018; Shang et al.,2017). Since the above-mentioned two types
of biochemical reactions occur in two different cellular compartments, the mitochondria and cytoplasm,
different metabolism and transport rates of a-KG may result in disparate consequences in relation to energy
metabolism in different metabolic phenotype cells, and might lead to significantly different outcomes, such
as survival or death, autophagy or apoptosis (Yang et al., 2015; Wu et al., 2018). Currently, a-KG is thought
to be involved in aging, tumorigenesis, and tumor drug resistance.

Dimethyl 2- ketoglutarate (DMKG) is an a-KG analogue with cell permeability (Wadood et al., 2014; Liuet
al., 2010). Tt is stable and can be metabolized into a-KG after entering the cells. The important question is
how does this exogenous a-KG affect the energy metabolism of the SMMC-7721 HCCs with different energy
metabolic phenotypes. In this study, SMMC-7721 and SMMC-7721/DOX cells were used to investigate the
differential effects of DMKG on energy metabolism, autophagy, and apoptosis to further understand the
distinct patterns of energy metabolism between the drug-sensitive and drug-resistant HCCs; our data has
also provided new ideas for studying the reversal agents for drug-resistant HCCs.

Methods
Cell culture

The SMMC-7721 cell line was purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai,
China), and was grown under standard cell culture conditions in a medium supplemented with 100 U-ml*
of penicillin, 100 mg-ml! of streptomycin, and 10% foetal bovine serum at 37°C in a humidified atmosphere

Drug-resistant SMMC-7721 cells were continuously induced by low-dose (0.25 ug-1') DOX, and the cells
were referred as SMMC-7721/DOX.

Cytotoxicity assays

SMMC-7721 and SMMC-7721/DOX cells (5x10%cells-mlt) were seeded into 96 well plates, allowed to attach
overnight, and then treated with DMKG (0.05-10 mM) for 24 h. Cell viability was measured by the MTT
assay, and the inhibition rate (IR)(IR = (1 - (ODgrug - OD plank) / (ODcontrot - OD plack)) X 100%)
and the half maximal inhibitory concentration (ICsp) were calculated using GraphPad Prism. In the rescue
experiments, the cells were treated with a combination of DMKG (5 mM) and DOX at varying concentrations



(0.1, 0.5, 8, 20, 40 pM) for 24 h. The experiment was repeated 3 times; the mean was obtained from all 3
experiments, and the reversal index (RI) was calculated as follows:

RI = IC5¢ (SMMC-7721/DOX)/ IC50(SMMC-7721).
Intracellular ATP measurements

SMMC-7721 and SMMC-7721/DOX cells (2x10%cells-well'!) were seeded in 24 well plates, allowed to attach
overnight, and then treated with different concentrations of DMKG (0.05-10 mM) for 24 h. Cells were then
washed twice with ice-cold PBS and lysed with PBS containing 1% Triton X-100 at 37 for 1 min. ATP level
in the cell lysates was measured using an ATP assay kit and were normalized by protein content.

Distribution of DOX measured by confocal microscopy

SMMC-7721 and SMMC-7721/DOX cells (0.5-1.0x10%cells*well'*) were cultured in 6 well plates with different
drugs for 24 h. DOX has an anthracycline structure, showing red fluorescence. The cells were examined by
confocal microscopy at 488 nm to observe the distribution of DOX.

Mitochondrial stress test and glycolysis stress test

Oxygen consumption rate (OCR, pmol*mg™! pro) and extracellular acidification rate (ECAR, mpH*mg™ pro)
were assessed using the Seahorse XF96 Extracellular Flux Analyser with XF cell mito stress and glycolysis
stress test kit (Seahorse Bioscience, North Billerica, MA, USA).

Briefly, SMMC-7721 and SMMC-7721/DOX cells (5x103cells*well!) were seeded in a 96 well cell culture
XF microplate, allowed to adhere overnight, and then treated with DMKG (5 mM) alone or with Sod (1
uM) or Mal (1 uM) for 12 h. The cells were washed with assay medium before incubation with 0.5 ml
assay medium for 1 h at 37 in a COa-free incubator. Oligomycin (Oli, ATP synthase blocker, 0.5 pM)
was used to measure the ATP turnover and to determine the proton leak. The mitochondrial uncoupler-
FCCP (carbonyl cyanide 4-[trifluoromethoxy] phenylhydrazone, 0.5 uM) was used to measure the maximum
respiratory function (maximal OCR). The reserve capacity was calculated as the difference between the
maximal OCR and the basal respiration. Rotenone (an inhibitor of complex I, 0.5 uM) and antimycin A (a
blocker of complex III, 0.5 uM) were used to measure the non-mitochondrial respiration.

In the glycolytic stress test, the basic glycolytic function of the cells was evaluated using glucose (10 mM) and
detecting ECAR. Oli (1 uM) was used to inhibit the mitochondrial energy metabolism, and the ECAR was
measured to assess the glycolytic capacity and glycolytic reserve. 2-DG (50 mM) was used to inhibit glycolysis
and assess non-glycolytic acidification. The results were normalized to total cell protein as determined by
the BCA assay.

Western blot analyses

SMMC-7721 and SMMC-7721/DOX cells (0.5-1.0x 106 cells-well'!) were cultured in 6 well plates with diffe-
rent drugs for 24 h, and then were collected and washed. The cell extracts were prepared using lysis buffer
consisting of RIPA buffer, PMSF (Phenylmethanesulfonyl fluoride), and protease inhibitor (100:1:1). The
protein concentration was determined by BCA assay kit (Shanghai Biyuntian Biological Co. Ltd., Shanghai,
China). Then the proteins were resolved by SDS-PAGE and transferred onto the polyvinylidene difluoride
(PVDF) membrane (Millipore, Massachusetts USA). The proteins of interest were identified using specific
primary antibodies and then bound to specific secondary antibodies. The expression levels of the proteins of
interest were quantified from their corresponding bands using Image Lab (NTH, Bethesda, MD). The changes
in the density of the protein bands were expressed as fold changes in comparison to that of the controls in
the blot, after normalization to 3-actin.

Immunofluorescence Assay

SMMC-7721 and SMMC-7721/DOX cells (0.5-1.0x 10%cells-well't) were cultured in 24 well plates with diffe-
rent drugs for 24 h, and then were collected and washed. The cells were then fixed with 4% paraformaldehyde
for 20 min, blocked, and then washed with PBS. The cells were permeabilized with 0.2% Triton X-100 in



PBS at 25°C for 10 min and washed. Then, the cells were incubated with the primary antibody overnight at
37°C, followed by adding 1 ml of 3% BSA solution and blocking for 30 min. One microlitre of the antibody
against either HIF-1a (diluted with 1% BSA in PBS, 1:100) or LC3 (diluted with 1% BSA in PBS, 1:100)
was used for incubation for 2 h. After the cells were washed three times with PBS, secondary antibody was
diluted at 1:200 with 1% BSA in PBS and applied to the cells for 5 min at 25°C. Then, washed 4 times with
PBS. In the dark, DAPI staining solution was added for nuclear staining, at 37°C for 5 min, followed by 3
PBS washes. Appropriate amount of fluorescent anti-quenching agent was put on the glass slide, and the
cover glass was placed on the glass slide for detection, and the cells were analysed by fluorescence microscopy.

Flow cytometric analysis

SMMC-7721 and SMMC-7721/DOX cells (0.5-1.0x106 cells-well'!) were cultured in 6 well plates with dif-
ferent drugs for 24 h, and then were collected, washed, and re-suspended in 500 pl of 1x binding buffer.
Subsequently, 5 pl of Annexin V-FITC conjugate and 5 pl of propidium iodide (PI) were added to the cells,
which were then gently vortexed and incubated for 15 min at 25 in the dark. Thereafter, apoptosis was
analysed by flow cytometer (BD Biosciences, USA) within 1 h.

Electron microscopy assay

At the end of the experiment, cells were fixed with a mixture of 2% formaldehyde and 0.2% glutaraldehyde in
0.1 M cacodylate buffer (pH 7.2) for 30 min at 37°C. To stop the fixation, free aldehyde groups were blocked
by soaking the cells in 50 mM of NH4CI in cacodylate buffer for 1 h. After rinsing with the buffer, the cells
were mechanically removed, sedimented by centrifugation, enclosed in liquified 2% agarose, and post-fixed
with 1% osmium tetroxide in distilled water for 1 h, followed by enbloc staining for 1 h with 1% aqueous
uranyl acetate. After the cell preparations were dehydrated in a series of graded ethanol, embedding it in
Epon-araldite. To unambiguously identify the autophagic structures, 10 serial ultrathin sections (80 nm)
were prepared on copper slot grids and stained with uranyl acetate and lead citrate and were observed at
80 kV using a Hitachi H-7650 electron microscope. Electron micrographs were acquired with a CCD digital
camera.

Data and statistical analysis

The data are presented as mean + SD. All statistical analyses were performed using SPSS 15.0 statistical
software. Error bars indicate standard error of mean. The differences were considered significant when p
values were less than 0.05. The analysis of experiments with more than two groups was performed using
one-way ANOVA with Scheffe’s correction for multiple comparisons.

Materials

DMKG, methotrexate (Met), sodium oxalate, L-(-)-malic acid (L-Mal), and 3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide (MTT) were purchased from Sigma Aldrich Chemical Co. (St Louis, MO,
USA). DMEM and phosphate buffer (PBS) were purchased from HyClone Corporation. (Logan, Utah,
USA). Trypsin (Trypsin-EDTA, 0.25%), foetal bovine serum (FBS), and antibiotic-antimycotic solution
were procured from Gibco Life Technologies Corporation (Grand Island, NY, USA). ATP assay kit and
BCA protein assay kit were purchased from Shanghai Biyuntian Biological Co. Ltd. (Shanghai, China).
Annexin V-FITC apoptosis detection kit was obtained from Nanjing KeyGen Biotech Co. (Nanjing, China).
Mitochondrial stress glycolysis stress test kits were purchased from Seahorse Bioscience (North Billerica,
MA, USA).

Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corresponding entries in http://www.
guidetopharmacology.org, the common portal for data from the [IUPHAR/BPS Guide to PHARMACOLOGY
(Harding et al ., 2018), and are permanently archived in the Concise Guide to PHARMACOLOGY 2017/18
(Alexander et al. , 2017a, b).

Results



DMKG enhances the sensitivity of SMMC-7721 and SMMC-7721/DOX cells to chemotherapy by intervening
energy metabolism

In the MTT experiments, a contrasting trend was observed in the cell viability of SMMC-7721 and SMMC-
7721/DOX cells in response to varying doses of DMKG. Treatment with 0.05-0.5 mM of DMKG for 24 h
showed a weak proliferative effect in both the SMMC-7721 and SMMC-7721/ DOX tumor cells, with growth
rates of 8.98% and 10.06% at a dose of 0.5 mM, respectively. However, above 0.5 mM, its proliferative effects
disappeared, and it exhibited an inhibitory effect on both SMMC-7721 and SMMC-7721/DOX cells, with
growth inhibition of about 10.08% and 25.95%, respectively, at a dose of 10 mM (PH 7.0) (Figure 1A).

ATP analysis revealed that the ATP level in SMMC-7721/DOX cells was significantly higher than in SMMC-
7721 cells, and the treatment with DMKG at a nontoxic dose of 1 mM could significantly decrease the ATP
level in SMMC-7721/DOX cells (Figure 1B), with an average inhibition rate of 31.42%. However, there was
no significant change in the ATP level in SMMC-7721 cells treated with DMKG. In addition, when both the
SMMC-7721 and SMMC-7721/ DOX cells were treated with a higher dose of DMKG (10 mM), we observed
an average inhibition of 24.15% in SMMC-7721 cells and 69.08% in SMMC-7721/DOX cells with respect to
that in the control cells treated with Dulbecco’s modified Eagle’s medium (DMEM) (Figure 1C).

Furthermore, we studied the effect of treatment of DMKG (low toxic dose, 5 mM) in the presence of varying
concentrations of DOX (0.1-40 uM) on the viability of SMMC-7721 and SMMC-7721/DOX cells. DMKG
was found to increase the inhibitory effects of DOX on both the SMMC-7721 and SMMC-7721/DOX cells
at all concentrations tested (Figure 1D), especially in SMMC-7721/DOX cells, which showed a change in
ICspvalue from 319.8 pM to 4.37 pM. As is evident through confocal microscopy, DMKG could promote
the aggregation of DOX (red fluorescent) in both the SMMC-7721 and SMMC-7721/DOX cells remarkably
(Figure 1E).

These results indicated that DMKG could interfere with the energy metabolism of both SMMC-7721 and
SMMC-7721/DOX HCCs at a non-toxic dose, and its actual effect was associated with the differences in
the basic metabolic status of these cells, which resulted in enhanced sensitivity of SMMC-7721/DOX cells
to chemotherapeutic agents. Intervening energy metabolism may be a good strategy to reverse the drug

resistance of HCCs, and it is necessary to further study the mechanism by which DMKG can intervene in
the energy metabolism in the SMMC-7721/DOX cells.



ATP levels in cell lysates

Inhibition rate

DOX Mitochondria

Merge

Inhibition rate
(%)

{nmol-mg™' pro)

60
£ 40
20

801 sMmc-7721
go| O] SMMC-7721/DOX
40
-
20 I_'r_l
0 - [ I L .
—Ll_ ] == |
0.05 01 0.5 1.0 5.0 10.0 0.05 0.1 0.5 1.0 5.0 10.0
DMKG (mM) DMKG (mM)
C
2501 smmc-7721 F 801gsmmc-1721
200/00 SMMC-7721/DOX o 60{0]SMMC-7721/DOX
'—
< 40
150 - 5
100 5 % ﬁllI
# # #Hit it :E 0 rT_I
£
aillinBln
0 = 40
-0.51.0 5.010.0 - 0.51.0 5.010.0 0.51.050100  0.51.05.010.0
DMKG (mM) DMKG (mM) DMKG (mM) DMKG (mM)
80 SMMC-7721 SMMG-7721/DOX
= DOX & DOX

# DOX+DMKG

# DOX+DMKG

et

0.1 05 20 80 200 400
DOX (uM)

SMMC-7721

DOX+DMKG

DOX

0.5 20 8.0 20.0 40.0
DOX (uM)

SMMC-7721/DOX
DOX+DMKG




Figure 1

DMKG enhances the sensitivity of SMMC-7721 and SMMC-7721/DOX cells to DOX by intervening energy
metabolism. (A) Changes in cell viability induced by DMKG treatment at doses 0.05-50 mM (n =6 per
group). (B) Changes in the ATP level induced by DMKG treatment (0.5-50 mM) (n =3 per group). (C)
Inhibition of ATP in both SMMC-7721 and SMMC-7721/DOX cells (n =3 per group). (D) Changes in
cell viability induced by treatment with varying doses of DOX (0.1-40 pM) with DMKG (5 mM) (n =6
per group). (E) Distribution of DOX (red fluorescence) in the cells as assessed by confocal microscopy.” P
<0.05,## P <0.01, significantly different from control group.

DMKG caused a stronger inhibition in the mitochondrial energy metabolism in SMMC-7721/DOX cells than
SMMC-7721 cells

In order to study the mechanism of differential changes in the ATP level of SMMC-7721 and SMMC-
7721/DOX cells caused by DMKG treatment, the energy metabolism phenotype tests were performed; the
results showed that DMKG can lead to a significant inhibition in the glycolysis and OXPHOS in both
the SMMC-7721 and SMMC-7721/DOX cells. However, the quantitative analysis of metabolic phenotype
revealed that the trend in the changes were different between the SMMC-7721 and SMMC-7721/DOX cells
(Figure 2).

In mito stress test, SMMC-7721/DOX cells showed a higher level of basal respiration, ATP production,
maximal respiration, and spare capacity than that in the SMMC-7721 cells. Treatment with ATP syn-
thetase inhibitor oligomycin (Oli) could decrease the levels of oxygen consumption rate, particularly in
SMMC-7721/DOX cells (Figure 2A, B). It is interesting that DMKG almost eliminated the effect of Oli on
mitochondrial respiration in both the SMMC-7721 and SMMC-7721/DOX cells (Figure 2A, solid circles).
These results suggested that DMKG might act on the same target as Oli, the ATP synthetase. Quantitative
analysis showed DMKG caused a greater inhibition on the ATP production capacity in SMMC-7721/D0OX
cells as compared to that in the SMMC-7721 cells (Figure 2B).

In glycolytic stress test, although the basal glycolysis analysis suggested similar levels in both the SMMC-
7721 and SMMC-7721/DOX cells, the maximum glycolysis of SMMC-7721/DOX cells was significantly higher
than that of the SMMC-7721 cells. In contrast to the results of the mito stress test, DMKG showed a stronger
inhibition on the basal glycolysis in SMMC-7721 cells, with a similar effect on the maximum glycolysis as
compared to that in the SMMC-7721/DOX cells (Figure 2C, D).

Energy metabolic phenotype analysis suggested that the main energy metabolism mode in SMMC-7721 cells
was glycolysis, and DMKG mainly inhibited glycolysis in these cells. SMMC-7721/DOX cells were found to
be stronger in the mitochondrial energy metabolism than the SMMC-7721 cells, and DMKG could inhibit
both the mitochondrial energy metabolism and glycolysis in the SMMC-7721/DOX cells (Figure 2E).
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Figure 2

DMEKG caused a stronger inhibition on mitochondrial energy metabolism in SMMC-7721/DOX than SMMC-
7721 cells. (A) Oxygen consumption rate (OCR) based on the mito stress test (n =3 per group). (B)
Quantitative analysis of the basal respiration, ATP production, maximum OCR, and spare capacity (n =3
per group). (C) Extra cellular acidification rate (ECAR) of the culture media in the glycolysis stress test (n
=3 per group). (D) Quantitative analysis of the basal glycolysis, glycolytic capacity and glycolytic reserve
(n =3 per group). (E) OCR against ECAR in SMMC-7721 and SMMC-7721DOX." P <0.05,”" P <0.01,

significantly different from control groups.

Effect of DMKG on mitochondrial energy metabolism depends on the function of the malate-aspartate shuttle

It is well known that the transport of a-KG between the cytoplasm and mitochondria depends on the malate-
aspartate shuttle (MAS). To examine if MAS accounts for the differential effects of DMKG on the energy
metabolic phenotype of the SMMC-7721 and SMMC-7721/DOX cells, the energy metabolism phenotypes
were determined using DMKG along with MAS inhibitor aminooxyacetate (AOA).

Firstly, AOA (0.8 mM) was used to block the transfer of o-KG between the mitochondria and cytoplasm
by inhibiting the activity of aspartate aminotransferase (AST) (Figure 3A), and then the changes in the
energy metabolism induced by DMKG were studied. The results show that AOA could effectively reverse
the inhibition of ATP induced by DMKG in SMMC-7721/DOX cells (Figure 3B), but had no obvious effects

in the SMMC-7721 cells.



In mito stress test, AOA predominantly reversed the inhibition of DMKG on basal respiration and maximal
respiration in the SMMC-7721/DOX cells (Figure 3C, D, grey filled blue circles and histograms). However,
it had little effect on the OCR of SMMC-7721 cells (Figure 3C, D, grey filled red circles and histograms).

In glycolysis stress test, surprisingly, there was no significant change in glycolysis in both the SMMC-
7721 cells and SMMC-7721/DOX cells (Figure 3E, F, grey filled circles and histograms). According to the
metabolic phenotype analysis, AOA could reverse the effect of DMKG on mitochondrial energy metabolism
in SMMC-7721/DOX cells but did not have significant effect on SMMC-7721 cells (Figure. 3G).

In agreement with our previous studies (Wu et al., 2018), the expression of malic dehydrogenase (MDH, the
key enzyme of MAS) in SMMC-7721/DOX was significantly higher than that in SMMC-7721 cells (Figure
3H), which provided a better understanding of the effect of AOA in rescuing the inhibition of DMKG on
the mitochondrial energy metabolism in SMMC-7721/DOX cells while exhibiting little effect in SMMC-7721

cells.
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Figure 3

Different states of MAS involved in the DMKG-induced energy metabolism changes. (A) Schematic ideograms
of variations in the distribution of a-KG induced by AOA. (B) Changes in ATP level induced by DMKG and
AOA (n =3 per group). (C) Effects of AOA and DMKG on OCR of both the cells in mito stress test (n =3
per group). (D) Quantitative analysis of the basal respiration, ATP production, maximum OCR, and spare
capacity (n =3 per group). (E) Effects of AOA and DMKG on ECAR of the culture media in the glycolysis
stress test (n =3 per group). (F) Quantitative analysis of the basal glycolysis, glycolytic capacity and gly-
colytic reserve (n =3 per group). (G) Changes of OCR against ECAR in both the cells induced by DMKG
and AOA. (H) Protein expression of MDH1 and MDH2 in both the SMMC-7721 and SMMC-7721/DOX
cells. #P <0.05,##P <0.01, significantly different from control group; P <0.05,""P <0.01, significantly
different from DMKG group.

Effect of DMKG on glycolysis depends on PHD activity in the cytoplasm

The results described above demonstrated that blocking the mitochondrial transfer of a-KG could partly
reverse the inhibition of OXPHOS induced by DMKG in SMMC-7721/DOX cells. However, the inhibition
of glycolysis was not aggravated, inconsistent with the predicted effect of AOA that further activated PHD,
and thereby decreased the level of glycolysis. Thus, we further examined the effects of DMKG and AOA on
the metabolites and enzymes involved in the glycolysis of both the cells, including lactic acid (LD) levels,
PHD enzyme activity, and HIF-1a, hexokinase (HK), and lactate dehydrogenase (LDH) levels.

First, LD levels in the intracellular and cell culture supernatants indicated that DMKG could significantly
reduce the production of LD in both the cells (Figure 4A), and the inhibitory effects were more pronounced
in the SMMC-7721 cells (75.2% inhibition) than in the SMMC-7721/DOX cells (45.1% inhibition). However,
the release rates of LD were similar in all groups, and these effects were not further suppressed by AOA
treatment (Figure 4B).

The results of PHD showed that DMKG had different effects on the enzyme activities of the two cells,
especially in the cell culture supernatants. Specifically, PHD activity in the control groups of both the
cells was similar, and DMKG could enhance the PHD activity intracellularly in both the cells (Figure
4C).Although the rate of increase in total PHD activity in SMMC-7721/DOX (99.9%) was higher than that
in the SMMC-7721 cells (33.6%), most of the enzymes in SMMC-7721/DOX cells were released outside
of the cell (Figure 4D), and the rate of increase in the intracellular enzyme activity was lower than that
of the SMMC-7721 cells. Thus, AOA treatment had no significant effect on the DMKG induced changes
in the intracellular PHD activity. These results suggested that DMKG may increase the cell membrane
permeability through other means, leading to PHD leakage and weakening its inhibitory effect on glycolysis.

The level of HIF-1a in both the cells was detected by immunofluorescence and western blotting. The results
showed that DMKG decreased the intensity of HIF-la staining as compared to that in the control cells
(Figure 4E), and its expression level was significantly decreased (Figure 4F, G). Furthermore, we observed
that SMMC-7721/DOX cells showed morphological changes, with a thinner and longer phenotype in the
DMKG treated group, suggesting that the cell state was poor. No severe changes were observed in the AOA
group of both the cells.

In line with the results described above, the expression of the downstream targets of HIF-1a (Figure 4J),
HK and LDH demonstrated decreased expression upon DMKG treatment (Figure 4F-I).
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ideograms of the action of DMKG on glycolysis.# P <0.05,## P <0.01, significantly different from control
group.

Effect of DMKG treatment on autophagy of the SMMC-7721 and SMMC-7721/DOX cells

Autophagy is an important regulatory mechanism for maintaining the homeostasis under cellular energy
stress. When energy is plentiful and the ATP/ AMP ratio is high, the mammalian target of rapamycin
(mTOR) is activated and inhibits autophagy. In contrast, reduced intracellular ATP levels could inactivate
mTOR, which in turn promotes autophagy. Therefore, we studied the effect of DMKG on the autophagy of
the two cells.

The results showed that unlike the SMMC-7721 cells, the autophagic vacuoles occur in the control SMMC-
7721/DOX cells (Figure 5A), with positive expression of autophagic proteins LC3 (punctate green fluores-
cence, Figure 5B). Quantitative analysis of LC3 I and IT also confirmed that the autophagy was activated in
the SMMC-7721/DOX cells (Figure 5C-E). It is well known that the cells can gain energy through autophagy,
which may be another important reason for the high level of energy metabolism in SMMC-7721/DOX cells.

It is because of these differences that a large distinction in the effects of DMKG on autophagy of the two
cells was observed. Specifically, DMKG promoted the onset of autophagy in SMMC-7721 cells, with the
appearance of vacuolar bilayer membrane structure (Figure 5A), enhanced spot green brightness of LC3
(Figure 5B), high expression of LC3 I and II, and high level of LC3 II/I ratio (Figure 5C-F).

However, the promotion of autophagy by DMKG did not occur in the SMMC-7721/DOX cells. Autophagy
also existed in the SMMC-7721/DOX cells after incubation with DMKG, but the cell damage was observed,
and the cell rupture and autophagosome appeared in the intercellular fluid (Figure 5A, red arrow mark).
The results of western blotting showed a downward trend in the LC3 II expression. Furthermore, autophagy
inhibitor (3-MA, 2.5 uM) reversed the DMKG induced autophagy, especially in the SMMC-7721 cells.
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Figure 5

Effect of DMKG on the autophagy of SMMC-7721 and SMMC-7721/DOX cells. (A) Representative electron
micrographs of autophagic vesicles in SMMC-7721 and SMMC-7721/DOX cells. (B) LC3 detection by
immunofluorescence. (C) Protein expression of LC3 I and LC3 II in both the cells (n =3 per group). (D-F)
Quantitative analysis of LC3 I, LC3 II, and LC3 I1/LC3 I (n =3 per group).” P <0.05, significantly different
from control group; *P <0.05, significantly different from DMKG group.

Autophagy affects the pro-apoptotic role of DMKG in the SMMC-7721 and SMMC-7721/DOX cells

A growing number of studies have shown that autophagy plays a dual role in the regulation of cell death.
Although autophagy induces apoptosis under certain conditions, some other studies have shown that au-
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tophagy has an inhibitory effect on apoptosis (Ravanan et al., 2017; Jinet al., 2018; Wu et al., 2016). Our
data showed that autophagy present in the SMMC-7721/DOX control cells, which differed significantly from
that in the SMMC-7721 cells, was beneficial in maintaining high levels of ATP, supporting homeostasis, and
inhibiting apoptosis in continuous low dose DOX medium.

Autophagy inhibitor (3-MA, 2.5 uM) and activator rapamycin (RAP, 5 nM) were used to study the effects
of DMKG mediated autophagy on apoptosis in both the cells. The results of viability assay showed that the
inhibition of autophagy had no effect on the cell viability in SMMC-7721 cells but could significantly inhibit
the cell proliferation in SMMC-7721/DOX cells (inhibition rate 21.84%); activating autophagy could induce
proliferation in the both cells, and the proliferation rate reached 47% in SMMC-7721 cells, which was higher
than that of 15.14% in the SMMC-7721/DOX cells (Figure 6A).

The results combining DMKG with other drugs suggested that 3-MA enhanced the inhibitory effect of
DMKG by inhibiting the autophagy in the SMMC-7721 cells (Figure 6B). However, RAP promoted cell
proliferation even in the presence of DMKG. In SMMC-7721/DOX cells, 3-MA had no significant effect on
the DMKG mediated inhibition, and RAP was able to rescue the effect on cell viability by DMKG (Figure
6B). These results suggested that DMKG reduced the ATP levels while triggering autophagy in SMMC-7721
cells, thus, partially offsetting its effects on cell viability. However, in SMMC-7721/DOX cells, DMKG-
mediated cell death was not significantly associated with autophagy. We speculated that it was related
to apoptosis caused by ATP reduction. It was striking that DMKG alone had no effect on apoptosis, but
induced apoptosis when administered in combination with 3-MA in the SMMC-7721 cells (Figure 6C, D).
In SMMC-7721/DOX cells, DMKG alone induced cell apoptosis (Figure 6C, D) and 3-MA enhanced its pro-
apoptotic effect. The transmission electron microscopy (TEM) images revealed morphological features of
apoptosis with typical shrinkage, chromatin condensation (red arrow), and loss of plasma membrane integrity
in the SMMC-7721 cells, and more typical nuclear collapse, apoptotic body formation (red arrow), and even
cell membrane defects (black arrows) in the SMMC-7721/DOX cells (Figure 6E).
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Autophagy affects the pro-apoptotic role of DMKG in SMMC-7721 and SMMC-7721/DOX cells. (A) Cell
viability changes induced by 3-MA or RAP (n =6 per group). (B) Cell viability changes induced by DMKG
with 3-MA or RAP (n =6 per group). (C) Apoptotic rate of SMMC-7721 and SMMC-7721/DOX cells
induced by DMKG with 3-MA or RAP (n =3 per group). (D) Flow cytometric analyses of apoptotic
cells. (E) Representative electron micrographs of apoptotic cells of SMMC-7721 and SMMC-7721/DOX
cells induced by DMKG or with 3-MA.## P <0.01, significantly different from control group; “P <0.05,”" P
<0.01, significantly different from DMKG group.

Inhibition of autophagy aggravates DMKG induced apoptosis by different mechanisms in the SMMC-7721
and SMMC-7721/DOX cells

Under energy stress, adenylate activated protein kinase (AMPK), as the key energy sensor, not only maintains
the energy balance by regulating the cell metabolism, but also can regulates autophagy and decay apoptosis,
which determines the survival and death of energy stress cells. Specifically, on one hand, it can inhibit the
activation of mTOR, relieve its inhibition on Beclin-1, and promote cell autophagy (Figure 7A, panel 1 and
2); on the other hand, it can relieve the inhibition of apoptosis by Bel-2 (Figure 7A, panel 3) and induce
apoptosis. However, whether the cells choose autophagy or apoptosis depends mainly on the activation of the

autophagy protein Beclin-1 or apoptotic effector Bcl-2, proapoptotic protein Bax, and the Caspase family
proteins.

To explore different mechanisms involved in the effect of DMKG on autophagy/ apoptosis in the SMMC-
7721 and SMMC-7721/DOX cells, protein levels of p-AMPK, p-mTOR, and Bcl-2 in both the cells were
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analysed. Simultaneously, p-AMPK, Bcl-2 inhibitors CC, ABT, and 3-MA were used in combination with
DMKG to observe their effects on the expression of Beclin-1 and Cleaved Caspase-3 (C-Casp3).The results
suggested that in SMMC-7721 control cells, the expression of p-AMPK was low with high expression levels of
p-mTOR, Bcl-2, and low levels of downstream molecule Beclin-1. Conversely, in SMMC-7721/DOX control
cells, p-AMPK was significantly activated, and the protein expression levels of mTOR, p-mTOR, and Bcl-2
were low, but with high expression levels of Beclin-1, which could explain in part the different levels of
autophagy in SMMC-7721 and SMMC-7721/DOX control cells (Figure 7A, B).

In addition, DMKG had different effects on the expression of autophagy/ apoptosis related proteins in the
two cells. Although similar effects of p-AMPK were induced by DMKG in both the cells (Figure 7C, D),
contrasting effects of the expression levels of Beclin-1 and autophagy due to different basal levels of mTOR
(Figure 7B, D) were observed. Specifically, in the SMMC-7721 cells, the expression of Beclin-1 was increased,
which promoted the onset of autophagy (Figure 7B, F). However, in SMMC-7721/DOX cells, Beclin-1 levels
did not change significantly. When p-AMPK was inhibited by CC, p-mTOR, Beclin-1 expression levels
showed a reverse trend, while Bcl-2 inhibitor ABT had a weaker effect on autophagy in the SMMC-7721
cells. In SMMC-7721/DOX cells, Beclin-1 was significantly reduced by DMKG with CC or ABT (inhibiting
p-AMPK or Bcl-2), although the expression of p-mTOR was low. It is suggested that in SMMC-7721 cells,
DMKG regulated autophagy through various pathways such as p-AMPK/ mTOR, p-AMPK/ Beclin-1, p-
AMPK/ Bcl-2 (Figure 7A panel 1-3). In SMMC-7721/DOX cells, DMKG regulates cell autophagy mainly
through p-AMPK/ Beclin-1 (Figure 7A panel 2).

Caspase-3 is a key executor of the apoptotic program. It is cleaved and activated during apoptosis and
is necessary for the formation of apoptotic bodies. In this study, DMKG did not have any impact on
the levels of C-Casp3 in SMMC-7721 cells, however, by coadministration with p-AMPK, Bcl-2 inhibitor
or directly inhibiting autophagy, DMKG could increase the expression of C-Casp3 significantly, and 3-MA,
which directly inhibits autophagy, had the strongest effect (Figure 7B, G). In SMMC-7721/DOX cells, DMKG
alone could significantly increase the expression of C-Casp3, and CC or ABT could not modify the effects
of DMKG. However, 3-MA enhanced the DMKG-induced C-Casp3 expression significantly (Figure 7B, G).
These results suggest that p-AMPK, p-mTOR, and Bcl-2 play a certain role in inhibiting DMKG-induced
apoptosis in SMMC-7721 cells. However, the expression of these molecules is relatively lower in SMMC-
7721/DOX cells and activated Caspase-3 is the most important molecular effect related to DMKG-induced
apoptosis in SMMC-7721/DOX cells.
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Figure 7

Inhibition of autophagy aggravates DMKG-induced apoptosis by different mechanisms in SMMC-7721 and
SMMC-7721/DOX cells. (A) Schematic ideograms of the effect of DMKG on autophagy and apoptosis in
SMMC-7721 and SMMC-7721/DOX cells. (B) Protein expression of p-AMPK, AMPK, p-mTOR, mTOR,
Bcl-2, Beclin-1, and C-Casp3 in both the cells (n =3 per group). (C-G) Quantitative analysis of p-AMPK, p-
mTOR, Bel-2, Beclin-1, and C-Casp3 in both the cells (n =3 per group).” P <0.05,## P <0.01, significantly
different from control group; “P <0.05,"" P <0.01, significantly different from DMKG group.

Discussion
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An increasing number of studies have shown that small molecular intermediate metabolites can actively
participate in the regulation of cell metabolism, proliferation, differentiation, autophagy, apoptosis, and
other cellular processes. In this study, we have shown that in SMMC-7721 cells, the effect of the inhibition
of mitochondrial o-KG on ATP synthase resulted in the uncoupling of OXPHOS from the TCA cycle and
failure of the mitochondrial bioenergetics, and glycolysis became the main energy metabolism pathway.
However, in DOX-resistant SMMC-7721 cells, a remarkable reduction in the cellular a-KG levels because of
the active MAS and OXPHOS was shown to collaborate with glycolysis in energy metabolism, with higher
level of ATP (Wu et al., 2018). These results suggested that intervening energy metabolism may be a
potential therapeutic target for reversing the acquired drug resistance.

Thus, DMKG treatment was done to observe the effects of supraphysiological concentration of a-KG on
the cell metabolism, proliferation, and cell death in SMMC-7721 and SMMC-7721/DOX cells. Notably, the
energy metabolism of both the SMMC-7721 and SMMC-7721/DOX cells was inhibited, however, that of the
SMMC-7721/DOX was more effectively inhibited by DMKG, which was closely related to its dual inhibition
on both the ATP synthase and PHD, and reduction in the ATP production. In addition, the present study
confirmed that the degree of inhibition of OXPHOS and glycolysis by DMKG depends on the activity levels
of the MAS, which further affects its regulation of cell viability, cell death, and drug resistance.

Although, similar inhibition of energy metabolism in response to DMKG treatment was observed in the
SMMC-7721 cells, however, the viability of SMMC-7721 cells was not significantly affected. It is well known
that autophagy is an important regulatory mechanism that maintains the homeostasis under cellular energy
stress conditions by causing two distinct effects on the vital activities of the cells (Lin, 2019; Buszczak et
al., 2019). On one hand, autophagy provides abundant nutrients and energy to the cells by degrading the
cytoplasmic lysosomes, which promotes cell survival. On the other hand, excessive autophagy can trigger
cell death (Chenet al., 2019; D’Arcy, 2019). In recent years, studies have found that the process of tumor
development is often accompanied by abnormal autophagy, which in turn impacts the disease progression to
some extent. Specifically, during the early stages of tumorigenesis, autophagy inhibits tumor development
by eliminating tumorigenic metabolites, inhibiting chronic inflammation, and regulating oncogene-induced
senescence. In the advanced stages of tumor development, autophagy leads to tumor resistance by exerting
anti-apoptotic effects (Jezek et al., 2010; Fitzwalter et al., 2018). Therefore, the mechanism of cell death
was explored from the perspective of autophagy and apoptosis. A high level of autophagy was found in the
control group of SMMC-7721/DOX cells. However, this phenomenon does not appear in SMMC-7721 cells
because of different levels of p-AMPK and p-mTOR. Autophagy induced by DMKG in SMMC-7721 cells was
beneficial for the cell survival, and this effect was due to high expression of anti-apoptotic regulator protein
Bcl-2. Unlike SMMC-7721 cells, DMKG-induced apoptosis in SMMC-7721/DOX cells was not significantly
associated with autophagy, and the mechanism was thought to involve increased cytochrome c release and
Caspase-3 activation due to mitochondrial dysfunction.

In conclusion, we found that DMKG could suppress the activities of ATP synthase and PHD, respectively,
affect cellular OXPHOS and glycolysis. However, its actual effect is dependent on the function of the
mitochondrial MAS. It is worth noting that the energy stress-induced autophagy could be advantageous for
survival in the SMMC-7721 cells, which is the main reason for the weak inhibition of cell viability by low
doses of DMKG. In contrast, DMKG-induced autophagy could exert a synergistic effect on the pro-apoptotic
effect with DOX in DOX resistant cells. These results suggest that the inhibition of the energy metabolism
in combination with the administration of chemotherapeutic drugs may be an effective method for reversing
the tumor resistance.
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