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Abstract

Malate Dehydrogenase (MDH), as a critical enzyme in cancer metabolism, can be the main foundation
for NAD, along with the well-known LDH, which allows the prolonged process of glycolysis, even in the
absence of oxygen. The kinetic characteristics of the enzyme are related to the surrounding environment
of the enzyme. In this regard, the tumor microenvironment has noticeable properties, in connection with
the neighboring normal tissues. The goal of this research is to elaborate the kinetic parameters of MDH
in human breast cancer by taking into account two major perspectives as follows: 1. the possible role of
MDH in supporting the NAD pool; 2. the impact of different tumor microenvironments on the kinetic
characteristics of the enzyme. For this purpose, the MDH activity was measured from the normal and
malignant crude human breast tissues, which were directly collected from the operating room. The
Michaelis-Menten constant (K,) and the maximum velocity (V.x) were determined in the crude
extracts. It was realized that the affinity of cancerous MDH in the forward reaction was identical to the
normal MDH, while the V., of cancerous MDH was higher than the normal MDH. In the reverse
reaction, the affinity of cancerous MDH for malate and NAD+ was less than the normal MDH. The
increasing affinity of MDH for malate and the decreasing MDH activity and expression in the forward
reaction may be an acceptable molecular target for eliminating its possible impact on tumorigenesis.
Therefore, the Kkinetic characteristics of MDH can be demonstrated as a novel diagnostic parameter for
human breast cancers. However, further research seems necessary to validate this proposition. In
addition, various kinetic parameters of different cancer cell lines should be investigated in the culture

conditions, where both oxygen and nutrients are limited, similar to the tumor microenvironment.
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Introduction

High aerobic glycolysis is one of the most significant
characteristics of cancer cells, which is known as the Warburg
effect [1,2]. This bioenergetic and metabolic characteristic,
while allowing the cancer cells to continue to exist in
unfavorable tumorous conditions (like hypoxia), assists them to
grow and invade, and can lead to subsequent distant metastasis
[3]. The control point of glycolysis is glyceraldehyde-P-
dehydrogenase, which demands NAD in the glycolytic
direction. Cancer cells supply the required NAD via Lactate
Dehydrogenase (LDH) that converts pyruvate to lactate, along
with the concomitant regeneration of NAD, which is a
noticeable reaction in cancer cells. In addition, the gene
expression and the activity of LDH are higher in different types
of tumors [4-6]. On the other side, there is another approach
that might provide the needed NAD for glycolysis; Malate
Dehydrogenase (MDH). MDH as a part of the malate-aspartate
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shuttle catalyses the reverse reaction of Oxaloacetate (OAA) to
malate in the presence of NADH. The enzyme has two
distinctive isoforms: 1. Mitochondrial; 2. Cytosolic. The later
isoform is engaged in the oxidation of NADH to NAD, which
can be expressed as another pool of NAD for the continuous
glycolysis progression [7].

The environmental parameters (such as pH, oxygen, and
nutrient availability) can impact on the enzyme kinetics
through different procedures [8]. The tumor microenvironment
has a highly heterogeneous oxygen pressure and pH
distribution, and other metabolites are also available [9].
However, the nature and substantial influence of the tumor
environment on the enzyme kinetics have not been amply
emphasized in enzyme studies. It might be because of the cell
culture conditions, in which the pH is located in the normal
range without any variation and also, there is always an
excessive level of oxygen and nutrients. Moreover, the
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alterations of the enzyme kinetics in the tumor
microenvironment, which can transform the intrinsic
characteristics of the enzyme, have been inadequately
investigated. Therefore, the objective of this research is to
compare the kinetic parameters of MDH in breast cancer and
normal mammary tissues with respect to two focal points as
follows: 1. The possible role of MDH in providing NAD; 2.
The challenging tumor microenvironment that engages the
enzyme, since the enzyme function and kinetics can be
extensively affected by the composition of the intracellular
milieu, where the enzyme operates.

Material and Methods

Clinical sample collection

The human breast tumor samples were acquired from Apadana
Hospital in the city of Ahvaz, Iran, during a mastectomy. The
normal tissues, away from the tumor, were used as controls.
Two independent expert pathologists from the pathological
laboratory of Apadana hospital performed the pathological
examination of the tumor tissue. The samples were
immediately placed in liquid nitrogen and then, transported to
the laboratory and stored at-80 °C. The process of the study
was completely approved by the ethics committee of Ahvaz
Jundishapur  University of Medical Sciences. The
investigations were carried out according to the Guide for
Human Study by the National Academy of Sciences (National
Institutes of Health), and informed consent was obtained from
all patients involved in the survey.

Sample preparation

The frozen normal and malignant tissues were homogenized
(1:5 w:v) in ice-cold homogenization buffer (20 mM Tris-HCI,
pH 8.0, 10 mM 2-mercaptoethanol, 10% v:v glycerol, 2 mM
EDTA, 2 mM EGTA, and 20 mM B-glycerophosphate) and a
few crystals of Phenylmethylsulfonyl Fluoride (PMSF) were
added during the homogenization. The samples were
homogenized using a Miccra homogenizer (Miccra, Germany),
centrifuged for 30 min at 15,000 g at 4°C, and the supernatant
was transferred and kept on ice until use. The low-molecular-
weight metabolites and ions were separated from the
supernatant by the Sephadex G-25 columns (1 X 5 cm) (Sigma,
Germany), equilibrated in the homogenizing buffer. Afterward,
the samples were pooled and maintained at 4°C until use for
the subsequent kinetic characterization of MDH.

Enzyme assay and kinetic parameters

The MDH activity was measured in the presence of
oxaloacetate with NADH (as the substrates for the forward
reaction), and malate with NAD+ (as the substrates for the
reverse reaction). The lowest concentration of each substrate,
which indicated the maximum velocity, the constant rate of
product formation, and the linear regressions of activities for
serial dilutions of the enzyme, was determined as the optimal
substrate concentration.
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The reactions were started by adding 10 pl of the purified
enzyme to a 200 pl total reaction volume and by using 20 mM
Tris-HCI buffer (pH 8) in a microplate well. The process was
watched at 340 nm to examine the conversion of NADH to
NAD+ (or vice versa) with the aid of a Biotek PowerWave XS
microplate reader (Biotek, USA) and Gen5 software (version
2.0, USA) (kinetic mode, reading interval=39 s). Next, the
enzyme activity was revealed as n moles of oxaloacetate or
malate formed/min for the reverse and forward reactions,
respectively.

The data were analysed by means of Microplate Analysis
(MPA) and Kinetics computer programs 3.51 [10,11]. For this
purpose, Kinetics computer program adjusted the data through
a nonlinear least-squares regression for the determination of
Km (substrate concentration providing the half-maximal
activity; Michaelis-Menten constant) and Vi, (maximum
velocity).

The Km of OAA was obtained at 0.5 mM NADH and OAA
concentrations, which varied from 0.05 to 1.75 mM. The Km
of NADH was achieved at 1.5 mM OAA and NADH
concentrations, ranging from 0.1 to 0.95 mM in both tissues.
The Km of malate was gained at 2.5 mM NAD+ and malate
concentrations, varying from 0.25-32 mM, the Km of NAD+
was obtained at 24 mM malate and NAD+ concentrations,
which ranged from 0.1 to 3.1 mM in both tissues.

The Km and V,,, were calculated from the average of the
three distinct series of determinations. The total protein content
was measured using the Bradford method and bovine serum
albumin as standard.

With respect to the likely existence of the endogenous
interconversion of NADH to NAD+ (i.e., NADH oxidation by
complex [ activity) in partially-purified samples, the
interconversion of NADH to NAD+ in each sample was
studied in order to eliminate the possible existence of its
influence. This interconversion was realized by adding NADH
(0.5-1 mM) or NAD+ (3-5 mM) in the Blue-Sepharose-
purified samples and observing the absorbance alterations at
340 nm.

Statistical analysis

The data were expressed as mean = SEM from the independent
determinations on the separate preparations of the enzyme. The
data were analysed with the aid of the Student’s t-test and the
significance level of all tests was adjusted at p<0.05.

Results

Optimization of the experimental conditions

The optimal assay conditions for MDH in the forward reaction
were 1.5 mM OAA and 0.5 mM NADH in both tumor and
normal tissues. In the reverse reaction, the optimal conditions
were 24 mM malate and 2.5 mM NAD+. In addition, it should
be noticed that no NADH-to-NAD+ interconversion activity
(or vice versa) in the crude extract samples was observed.
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Kinetic properties of MDH in forward reaction

The maximal activity of Cancerous-MDH (C-MDH) for malate
formation (4509.8 + 88 mU/g for OAA and 4233.3 £ 111 mU/g
for NADH) was about two fold higher than the values in
normal tissues (N-MDH) (2456 + 46 mU/g for OAA and 2549
+ 37 mU/g for NADH) (Table 1). The enzyme in forward
reaction in both tissues displayed sigmoidal kinetics with
respect to OAA and NADH (Figure 1).
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Figure 1. Diagram of OAA and NADH from Normal and tumor
human breast tissues. OAA and NADH from normal (A and C) and
tumor (B and D) human breast tissues.
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Figure 2. The Km of MDH and NAD+ in from Normal and tumor
human breast tissues. OAA and NADH from normal (A and C) and
tumor (B and D) human breast tissues.

The Hill coefficients for OAA and NADH in tumor samples
were 2.3 £ 0.22 and 2 £ 0.19, respectively. Furthermore, in
normal samples, they were 2.22 + 0.17 and 1.7 = 0.06,
respectively. However, the S0.5 of OAA (0.2 + 0.009 mM for
tumor and 0.23 + 0.007 mM for normal samples) and NADH
(0.16 £ 0.007 mM for tumor and 0.2 £ 0.0051 mM for normal
samples) were significantly indifferent among the normal and
cancerous tissues (Table 1).
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Kinetic properties of MDH in reverse reaction

The highest activity of MDH for malate (78 £ 2.13 mU/g in
tumor and 75 £ 2.7 U/g in normal tissues) and NAD (110 +
332 mU/g and 102 + 4.4 mU/g) were not meaningfully
different between normal and cancerous tissues (Table 2). The
K, for malate of N-MDH (3.13 + 0.4 mM) was significantly
greater than of C-MDH (1.6 £ 0.2 mM) (p<0.05) (Table 2).
The Km of NAD+ in normal tissues (0.43 + 0.06 mM) was
considerably less than in tumor tissues (0.93 = 0.17 mM)
(p<0.05) (Figure 2).

Table 1. Kinetic parameters of MDH in forward reaction from breast
tumors) and normal tissues.

Kinetic parameters Groups

Tumor Normal
S 0.5 OAA (mM) 0.2 +0.009 0.23 + 0.007
S 0.5 NADH (mM) 0.16 + 0.007 0.2+ 0.005
Vmax OAA (mU/g) 4509.8 + 88" 2456 + 46
Vmax NADH (mU/g) 42333+ 111" 2549 + 37

Assays were conducted at 25°C and data are presented as means + SEM, n=3
independent determinations on each of tumor and normal samples."Significant
difference in each row at p<0.05.

Table 2. Kinetic parameters of MDH in reverse reaction from breast
tumors and normal tissues.

Kinetic parameters Groups

Tumor Normal
Km malate (mM) 3.13x04" 16+0.2
Km NAD+ (mM) 0.63 + 0.05 0.43 +0.06
Vmax malate (muU/g) 78+2.13 75+27
Vmax NAD+ (mU/g) 110 + 3.32 102+4.4

Assays were conducted at 25°C and data are presented as means + SEM, n=3
independent determinations on each of tumor and normal samples."Significant
difference in each row at p<0.05.

Discussion

The enzyme rate is generally controlled and adjusted via two
distinct processes: 1. Changing the total amount of the
enzymes present (i.e., changing the V,,4); 2. Changing one or
more kinetic constants (K., or V,.). These processes and the
enzyme stability can be significantly affected by the
composition of the intracellular milieu, where the enzyme
operates [8]. Considering the dissimilar microenvironmental
conditions of the normal and malignant tissues, the enzyme
function might be different between these tissues. The obtained
data confirmed this theory and demonstrated that the kinetics
of MDH, as one of the important enzymes in the metabolism,
has special features in tumors.

According to some arguments, it can be presumed that the
maximum activity recorded by us was mainly because of the

4331



cytosolic fraction. In fact, the highest concentration of OAA,
applied in the assay method (i.e., 1.5 mM), was well above
0.04 mM, used to inhibit the activity of the mitochondrial
fraction [12]. Furthermore, in order to manifest that our
samples were free of the mitochondrial enzymes, the
supernatant created from specimens was studied for NADH
oxidase activity as the mitochondrial marker and the disruption
of dehydrogenase. The findings disclosed that there was not
any NADH oxidase activity and consequently, the supernatant
can be displayed free of the mitochondrial particles. Finally,
the centrifugation speed was applied based on the methods,
performed in other similar studies, and the mitochondrial
particles in the pellet (not in the supernatant) were divided
[13-15].

The achieved data signified that in the forward reaction, the
highest activity of MDH was higher in tumors compared to
normal tissues. This finding is well in compliance with the
proposed hypothesis on the role of MDH in supporting the
NAD pool. Based on the obtained results, the needed NAD for
the constant flow of glycolysis can be supplied by the MDH
activity along with the high LDH activity. One of the major
and unavoidable necessities for the development of the
Warburg effect is the NAD replacement. In this regard, the
high LDH expression and activity can supply the essential
NAD. However, the results exhibited that there is another
potential approach, which is MDH.

Recently, several studies have been carried out to eliminate the
LDH activity and expression, and to remove its influence on
supporting the glycolysis pathway [16,17], This has been done
by considering the possible role of MDH, associated with
glycolysis, and removing the MDH activity and expression,
along with LDH, to halt the glycolysis pathway. However,
these achievements are contrary to the Balinisky et al.’s
findings, where the cytosolic MDH presented similar activity
in tumor and normal breast tissues and there was no significant
difference between tissues [11]. This dissimilarity between
these two surveys might refer to the diverse methods
employed.

Moreover, the gained data on the Km of the forward reaction
were in contradiction with the results of Grisham et al. which is
one of the main studies on the kinetics of MDH in tumors. The
obtained results demonstrated that the forward reaction obeys
the Hill equation and both tissues have approximately the same
S 0.5. However, Grisham et al. stated that the K, of malate is
higher in tumors compared to normal tissues. Thus, the
difference between two studies can be concluded by
considering three viewpoints as follows;

First, Grisham et al. [15] used 0.2 mM and 2 mM OAA in
normal and tumor tissues (respectively) as the highest
concentration of OAA, whereas in the current study, the
highest OAA concentration in both tissues was 1.5 mM. The
obtained findings revealed that the concentrations above 1.5
mM have an inhibitory effect on the MDH activity and 1.5 mM
was the optimal concentration for both tissues. As a result, it
was presumed that the reaction reached the apparent V. It
seems that Grisham and his colleagues have not optimized the
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reaction, because the highest OAA concentration was applied
at a very low level in normal species (0.2 mM), which can
affect the real kinetic results. The other reason can be
associated with the NADH concentration, used in these two
studies. In the present study, the NADH concentration was 0.5
mM, while in the Grisham et al.’s work, it was 0.14 mM. A
higher concentration of NADH can influence the kinetics of
MDH by changing the reaction curve shape from hyperbolic
(Michaelis-menten) to sigmoidal (Hill equation) (the data not
presented). The last reason can be connected to the type of the
curve, applied in the Grisham et al.’s study. They employed a
Lineweaver-Burk plot, but plot drawing was associated with an
essential problem. The line drawn in the plot was not straight
and did not include all points, while a correct curve must have
a straight line and consists almost all of the points in the plot.

In the reverse reaction, the K;,, of malate in tumors was higher
compared to normal tissues; i.e., the affinity of MDH for
malate was lower in tumors. The role of malate in cell
metabolism can be regarded for the lower affinity of malate in
tumors. The malate generated from OAA in cytosol may have
three possible fates as follows: 1. Conversion to OAA in the
reverse reaction by the cytosolic MDH; 2. Decarboxylation to
pyruvate by NADP-ME in the cytosol, crossing the
mitochondria, and then, conversion to OAA by the
mitochondrial MDH; 3. Oxidization to pyruvate and CO, via
an intra-mitochondrial NAD(P)-ME. Which of the three
possible ways can correctly interpret the lower affinity of
malate in tumors?

The first approach could not properly explain the higher K, of
malate, since our data showed that the affinity of the reverse
reaction in tumors was lower compared to normal tissues.
However, the second pathway could appropriately explain the
obtained results. One of the well-known characteristics of
metabolism in cancer cells is related to the Warburg effect. For
the first time, Warburg demonstrated that cancer cells possess a
high rate of glycolysis, even in the presence of sufficient
oxygen. Since then, numerous other investigations have
confirmed the Warburg effect in various types of cancer cells.
It has been also suggested that the Warburg effect can induce
many other benefits for cancer cells [18]. The control point of
glycolysis is glyceraldehyde-P-dehydrogenase that needs NAD
in the glycolytic condition. In cancer cells, the NAD essentially
comes via lactate dehydrogenase that converts pyruvate to
lactate, which is a prominent reaction in cancer cells.

According to the obtained results, another approach for
providing NAD for a high rate of glycolysis can be malate
dehydrogenase activity in the reverse reaction. The high Km of
malate in the reverse reaction implied that cancer cells do not
intend to change malate to OAA and consume NAD; instead,
they aim to keep NAD for providing the needed NAD for
glycolysis. The low affinity of MDH for malate may also
increase the pool of malate in the cytosol. This malate can be
converted to pyruvate by Malic Enzyme (ME) and then, to
lactate by LDH. Consequently, it can be a source for lactate
production in cancer cells for providing NAD and lactate,
which are both highly effective in tumorigenesis and
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metastasis. This understanding on the fate of malate in cancer
cells is extremely likely, since the ME and LDH activity and
expression are high in tumors [14] Thus, MDH in the reverse
reaction, by maintaining malate, can play an indirect role in
providing abundant NAD for supporting the glycolysis rate.
Mitochondrial MDH and ME, whose expression and activity
are higher in tumors compared to normal tissues [5,14], can
also apply malate, which is preserved by MDH. This would be
the third fate of malate as mentioned previously. Therefore,
MDH by keeping malate reveals a dual role in supporting the
glycolysis pathway and the mitochondrial function.

Logic behind the low tendency for malate in tumors can be
uncovered by considering malate as an effective metabolite
that impact on gene expression. Recently, a number of studies
have concentrated on the relationship between metabolites and
gene expression [19]. One of these surveys claimed that
pyruvate, as a critical metabolite, can induce apoptosis by
inhibiting histone deacetylase activity [20], Such a role might
be also found in other metabolites like malate, since based on
the Darwinian process, any feature in the population can
provide an advantage for them. Hence, in order to maintain
malate and avoid converting to OAA, some benefits should be
granted for cancer cells, one of which may be related to
providing NAD for a high rate of glycolysis, as elucidated
above. Another gain may be accompanied with the role in gene
expression. The noteworthy point about the later hypothesis is
related to the role of malate dehydrogenase in the regulation of
p53 transcriptional activity in response to metabolic stress [21].

Furthermore, the higher K, of malate in cancerous MDH
displayed that cancerous MDH is less inhibited by the high
concentration of malate and could consequently tolerate higher
malate levels. This feature of the cancerous MDH may
probably reflect the high concentration of malate in the tumor
microenvironment.

The kinetic variations expressed above may suggest that MDH
from both normal and tumor tissues can be seen in distinct
structural conditions and may be associated with different
conditions of the tumor microenvironment. As stated earlier in
this paper, the conditions of the milieu where the enzyme
operates can influence on the enzyme kinetics. Therefore,
different conditions of the tumor microenvironment can play
remarkable roles for the distinct kinetic properties of the
cancerous MDH, which was observed in this study.

Conclusion

Overall, it is clear that the hypothesis elaborated in this paper
about the possible role of malate dehydrogenase in providing
NAD and the effect of malate on gene expression must remain
unanswered, until the enzyme is well purified and fully
characterized and the effect of malate is completely checked on
gene regulators (such as HDAC, p53, and CDKs). In this
regard, various kinetic properties of MDH in tumors can be the
beneficial diagnostic means, which need to be examined
among more patients with/without metastasis to illuminate the
possible correlation with the metastasis incidence.
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