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General Introduction 

 

Energy metabolism drives all cellular functions in living cells. Status of 

energy metabolism is dynamic as all things associated with life are, reflecting, and 

reflected in, macroscopic and/or microscopic changes occurring in living things. 

Enzymes, involved in the metabolism of glucose and fatty acids and in energy 

homeostasis, are crucial in maintaining life, and may be variable among animal species, 

tissues, and various physiological and nutritional status of a given animal (Washizu et 

al., 2002, 1998). In this thesis, I focused on the enzymes involved in energy metabolism, 

in particular, on the enzymes of NADH shuttles, to show whether their activity levels 

faithfully reflect the variations in nutrient metabolism, metabolic status, and health 

conditions of different species and individuals. The malate-aspartate (MA) shuttle is one 

of the NADH shuttles, along with the glycerol-3-phosphate shuttle, which transports 

cytosolic NADH, the product of glycolysis, into mitochondria (Wang et al., 2014). In 

the MA shuttle, membrane-impermeable cytosolic NADH is transferred to mitochondria 

in the form of malate. Once in the mitochondria, malate is converted back to 

oxaloacetate as it reduces NAD+ to NADH, which is the key molecule for oxidative 
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metabolism as it provides electrons that act as the major driving force for mitochondrial 

ATP production (Styler, 1995). Malate dehydrogenase (MDH) is the rate-limiting 

enzyme of the MA shuttle that catalyzes the inter-conversion of oxaloacetate to malate 

and NADH to NAD+ both within the cytosol and mitochondria. 

Cytosolic NADH level is one of the key factors in determining the direction 

of glucose metabolism as evidenced by the fact that increased cytosolic NADH/NAD+ 

ratios inhibit glycolysis and the production of pyruvate (Styler, 1995). Pyruvate, the end 

product of glycolysis is either converted to lactate via lactate dehydrogenase 

(LDH)-mediated reaction, or to alanine within the cytosol, or transferred to 

mitochondria to be converted to oxaloacetate and acetyl CoA, the substrates for citrate 

production that initiates TCA cycle, which in turn activates subsequent ATP production 

through the electron transport chain. Therefore cytosolic pyruvate and NADH, the 

end-products of glycolysis, both contribute largely to ATP production which take place 

within the mitochondria.   

MDH is considered the key enzyme in determining the rate of glucose 

metabolism and oxidative metabolism, as it is the rate-limiting enzyme of the MA 

shuttle and contributes to the coupling of glycolysis with the mitochondrial ATP 

productions. We hypothesized that the elevations in MDH activity likely indicate 

heightened energy metabolism, whereas depressions in MDH activity would indicate 
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inefficient or dysregulated glucose energy metabolism. By dividing the cytosolic MDH 

by LDH, a relatively stable cytosolic marker enzyme for glycolysis, MDH/LDH ratio 

was analyzed as the parameter for evaluating metabolic status in animal tissues. A better 

grasp of trends in shifts of the energy metabolism enzymes may assist us to better 

understand species-species and individual differences in energy production and usage, 

and early detection and prevention of energy metabolism dysregulations associated with 

serious disorders such as diabetes, neoplasia, and obesity.   

The present thesis consists of five chapters, evaluating the activities of MDH, 

LDH, other energy metabolism enzymes, and M/L ratio in various physiological and 

pathological conditions. In Chapter 1, we showed the species-specific differences 

between dogs and cats in the activities of enzymes in peripheral blood leukocytes. We 

expected that the differences may reflect how each species metabolizes energy sources 

such as carbohydrates, lipids, and amino acids more efficiently than the others. Deeper 

understanding of the unique demands and usages of nutrients in cats, with higher 

incidence of obesity, insulin resistance, and diabetes mellitus, may elucidate the 

mechanisms of the risk factors for and the development of these serious pathologies. In 

Chapter 2, we examined the activities of various enzymes and biochemical markers in 

dogs with diabetes mellitus to see how reliably the changes in leukocytic MDH activity 

and M/L ratio reflect the overall metabolic status of diabetic dogs. Deeper 
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understanding of the correlation of the MA shuttle function with DM risks, prognosis, 

and response to therapy, may assist in the development of effective preventative and 

therapeutic measures.  

In the first two studies, we focused on the diagnostic values of peripheral 

blood leukocytes (PBL) as potential markers of physiological changes occurring within 

animal tissues. The term “sentinel principle” has risen from the idea that peripheral 

leukocytes travel through the entire body and continuously interact with the cells of 

each tissue, accurately reflecting the subtle changes occurring in response to internal 

and external stimuli as they may arise (Liew et al., 2006). Previously, it was shown that 

PBL shared over 80% of their gene expression with any one of 9 human tissues. In 

other studies, it was shown that peripheral blood mononuclear cell gene expressions 

reflect the energy homeostasis adaptations that typically take place in liver and adipose 

tissue¸ and show a clear association with changes in nutritional status and obesity (de 

Mello et al., 2008; Oliver et al., 2013). Because PBL express many genes that are 

involved with response to physiological and environmental changes, and interact with 

each cell of other organs, and have fast turnover rate, they can potentially serve as the 

“sentinel” that reflect and represent subtle and early changes in metabolic and 

physiological state of other tissues and the whole body. Furthermore, PBL are abundant 

and easily accessible with minimum invasion compared to the traditional tissue 
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sampling of other organs, they may serve as the ideal, practical diagnostic and 

prognostic tools in the evaluation of the whole body status. Therefore, there’s been an 

increasing interest in peripheral blood mononuclear cell (PBMC) gene expression 

studies for the development of diagnostic tools (Burczinsky et al., 2005; Liew, 2007; de 

Mello et al., 2008). Extrapolating from the usefulness of PBMC gene expression, we 

focused on the activities of enzymes of energy metabolism in leukocytes as the 

reflection of changes occurring in gene expression, and as the way to evaluate the 

metabolic state in the whole body of animals.   

In Chapter 3, metabolic enzymes in plasma and leukocytes of the racehorses 

were compared against those of the riding horses. The aim was to see if adaptation to 

continuous intense exercise in racehorses would be reflected in the changes seen in 

MDH activity and M/L ratio in plasma. Because discrepancies in results of leukocytic 

enzymes were noted in previous horse studies, we sought the usefulness of plasma in 

this case as less errors and variables are expected in processing and measument. In this 

study, the use of plasma as opposed to PBL to determine M/L ratio turned out to be 

more sensitive, since it resulted in significant differences between racehorses and riding 

horses. The results indicated that plasma M/L ratio may serve as the practical marker to 

assess the effectiveness of different exercise regimen, diet, and nutritional supplements 

in performance animals.  
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In Chapter 4, the final chapter, we analyzed the sensitivity of plasma and 

leukocytic enzyme activities and M/L ratios to early weight gain. We sought to observe 

whether the plasma and leukocytic activities of enzymes involved in energy metabolism 

would serve as the early marker of weight gain before clinical sequela of weight gain is 

apparent.  

Finally, in conclusion, I summarized the results of various studies which 

analyzed the shifits in MDH, LDH, and M/L ratio in varying species and 

physiological/pathological condition. The chart may help ease the 

interpretation/utilization of MDH, LDH, and M/L ratio assay as one of the potential 

diagnostic parameters. 
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Comparison of leukocytic energy metabolism enzymes and 

plasma metabolites between dogs and cats 
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Introduction 

 

 Glucose serves as the main source of energy in mammalian species. Glucose 

is converted to pyruvate via glycolysis, and the subsequent oxidation within the TCA 

cycle provides mitochondrial NADH. Additional mitochondrial NADH is provided by 

the NADH shuttles, which transfer cytosolic NADH and contribute to oxidative 

metabolism and ATP production. It has been reported that glucose metabolism in the 

various cells and tissues of dogs and cats vary greatly (Arai et al., 1998; Washizu et al., 

1998). In particular, cats with low glycolytic enzyme activities show significantly lower 

glucose transport activities in their erythrocytes and hepatocytes than in dogs, which in 

turn, may reflect great differences in the incidence of obesity and the onset of diabetes 

mellitus between cats and dogs. Plasma concentrations of glucose and insulin were also 

found to be different between dairy and beef cattle (Arai et al., 2003a), reflecting their 

differences in feeding conditions and metabolic states (Landau et al., 2000).  

Likewise, the enzymes associated with energy metabolism such as ATP 

production are variable among animal species (Washizu et al., 1998). Particularly, 

enzyme activities within the NADH shuttles, such as malate-aspartate shuttle, which 

contribute largely to the transfer of NADH from the cytosol to mitochondria, and to the 

coupling of glycolysis to mitochondrial energy production, vary remarkably depending 
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on the energy metabolism state of the animals, and among animal species (Washizu et 

al., 1998; Arai et al., 2003c; Hirakawa et al., 2012). 

In the present study, the activities of various enzymes, particularly, malate 

dehydrogenase (MDH), a rate-limiting enzyme for the malate-aspartate shuttle, lactate 

dehydrogenase (LDH), a cytosolic marker enzyme, their ratio (M/L ratio), and 

glutamate dehydrogenase (GLDH), a mitochondrial marker enzyme, were measured to 

analyze the differences in energy metabolism within the peripheral blood leukocytes of 

dogs and cats.   
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Materials and Methods 

 

Animals 

Six mixed-breed male dogs (4-6 years of age) and 6 mixed-breed male cats 

(3-7 years of age) from our research laboratory were entered into the study. They were 

each fed commercially prepared Science diet© (Hill’s Pet Products, Topeka, KS, USA) 

at a regular maintenance amount (1.4–1.8×RER per day, whereby RER means resting 

energy requirement and equals to (BW0.75×70). The hematological and plasma 

biochemistry analyses revealed no significant values.  

Collection and preparation of blood samples 

Fasted blood was collected from the jugular vein into the heparinized tubes, 

and centrifuged at 3,000 rpm for 15min at 4℃.  The obtained plasma was stored at 

-25℃ until use. The leukocytes were collected by gradient centrifugation with a 

commercial lymphocyte-isolating solution (Lympho-separation medium, ICN 

Biochemical, Aurora, OH, USA), followed by multiple washings with cold 

phosphate-buffered saline (0.15 mol/L NaCl, pH 7.2).  

Fractionation of cellular components 

Washed leukocytes were re-suspended in 1 ml ice-cold STE solution (0.25 

mol/L sucrose, 10 mmol/L Tris-HCl, pH 7.2, containing 2 mmol/L EDTA), and 
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homogenized via 3-second ultrasonic processing using VP-5 (Taitek, Koshigaya, Japan). 

The resultant homogenate was centrifuged at 100g for 1 min to remove nuclei and cell 

debris. Then the supernatant was centrifuged at 6,000g for 20 min at 4℃, and was 

further centrifuged 100,000g for 30 minutes at 4℃ in SCP55H (Hitachi, Tokyo, Japan). 

The supernatant separated was the cytosolic fraction. Separation of plasma membrane 

and mitochondrial fractions were attained via previously reported method (Belsham et 

al., 1980) with few modifications as described as follows: The pellet portion was 

re-suspended in 0.5 ml of 50 mmol/L Tris-HCl, pH 7.5 containing 2 mmol/L 

2-mercaptoethanol and 1 mmol/L EDTA, followed by homogenation with an ultrasonic 

processor for 5 seconds at 20 Hz, then centrifugation at 20,000G for 30 min at 4℃. The 

resulting membranous bands, one immediately below the surface (plasma membrane) 

and the other close to the bottom (mitochondria) were each collected into 4 volumes of 

10mmol/L Tris-HCl buffer, pH 7.5, containing 0.15 mmol/L NaCl. These two fractions 

were then re-centrifuged for 10 minutes at 10,000g for washing. The cytosolic and 

mitochondrial fractions were both stored at -80 ℃  until use.                 

Enzyme activity assays 

 The activities of the enzymes in the plasma, cytosol, and mitochondrial 

fractions were measured via methods previously reported: hexokinase (HK) (Bergmayer, 

1974b), fructokinase (FK) (Anderson and Sapico, 1974), pyruvate kinase (PK) (Hess 
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and Wieker, 1974), glucose-6-phosphate dehydrogenase (G6PD) (Bergmeyer et al., 

1974a), lactate dehydrogenase (LDH) (Kaloustian et al., 1969), malate dehydrogenase 

(MDH) (Bergmeyer and Bernt, 1974c), aspartate amonotransfearse (AST) (Rej and 

Horder, 1983), ATP-citrate lyase (ACL) (Takeda et al,. 1969), and glutamate 

dehydrogenase (GLDH) (Schmidt, 1974) (Schmidt, 1974). The cytosolic ratio of 

MDH/LDH activity (M/L ratio) was calculated from division of MDH specific activity 

by LDH specific activity. All enzymatic activities measured at 24-26℃ were expressed 

as mU per mg of protein. The enzyme unit (U) represents 1μmol of substrate degraded 

per min. The protein concentrations were measured by the Bradford method (1976) with 

bovine serum albumin as the standard.   

Plasma metabolite assays 

Plasma glucose concentrations were determined via the glucose oxidase 

method described by Huggett and Nixon (1957). And the immunoreactive insulin (IRI) 

concentrations were measured by the micro ELISA sandwich method of Arai et al. 

(1989). The triglyceride (TG), non-esterified fatty acids (NFFA), total cholesterol (TC) 

and high-density lipoprotein (HDL) cholesterol concentrations were measured by 

commercial kits (Wako Pure Chemical Industries).   

Statistical analysis 
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 All values are expressed as mean±SD and the differences between means 

were analyzed by Student’s t-test. Statistical significance was set at P＜0.01. 
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Results 

 

 As shown in Table 1, there were no significant differences in plasma glucose, 

IRI, TG, NEFA between the canine and feline groups. TC concentrations were higher 

and HDL cholesterol concentrations were lower in the feline plasma when compared to 

those of the canine group, resulting in significantly lower HDL/TC ratio (H/T ratio) in 

feline plasma. Table 2 shows the enzyme activities in cytosol and mitochondria of 

peripheral leukocytes of the canine and feline groups. The activities of cytosolic FK, PK, 

G6PD and LDH in the feline leukocytes were significantly higher than those of the 

canine leukocytes, while cytosolic MDH, M/L ratio and mitochondrial GLDH activities 

were significantly lower in feline leukocytes.  There were no significant differences in 

cytosolic HK, AST, ACL, mitochondrial MDH and AST between the two groups.  
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Discussion 

 

Enzymatic activities of energy metabolism of feline leukocytes were 

remarkably different compared to those of canine leukocytes. GLDH is a mitochondrial 

marker enzyme that catalyzes the reversible conversion of glutamate to 

alpha-ketoglutarate and ammonia, allowing glutamate to fuel the TCA cycle for energy 

production under low cellular energy status. The enzyme is associated with 

interconnection of amino acid and carbohydrate metabolism (Spanaki et al., 2012). 

Feline leukocytes showed considerably lower activity of GLDH, along with the 

relatively lower activity of the malate-aspartate shuttle, which has an essential role in 

the production of ATPs via glycolysis. Together, they suggest that the feline cells utilize 

less glucose as an energy source compared to the canine cells. In the previous studies, 

glucokinase activities were observed to be absent in feline leukocytes, erythrocytes, and 

hepatocytes with higher total activities of hexokinases (Pilkis et al., 1968; Arai et. al., 

1992, 1995; Washizu et al., 1998). Feline cells may be more efficient in utilizing other 

hexoses in place of glucose, such as fructose as evidenced by the higher FK activity in 

this study. Fructose exerts unique effects on carbohydrate and lipid metabolism and it 

does not directly stimulate insulin secretion. The lack of stimulation by fructose causes 

disruption in insulin’s ability to inhibit food intake and increase energy expenditure. 
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Furthermore, some fructose metabolites induce PK and G6PD activation and 

subsequent fatty acid synthesis (Naismith, 1971). G6PD provides cytosolic NADPH for 

fatty acid synthesis. Additionally, in cats, pyruvate tends to be reduced to lactate by the 

higher activity of LDH, rather then being utilized for ATP production. Higher activities 

of FK, PK, LDH and G6PD in feline leukocytes observed in this study may indicate 

active utilization of fructose, subsequent fatty acid synthesis and storage, and lower 

utilization of glucose for energy production. Lower MDH activity and M/L ratio, 

together with higher FK, PK, LDH, and G6PD, may reflect the unique characteristics in 

nutrient needs and energy metabolism in cats with higher incidence of obesity, insulin 

resistance, and diabetes mellitus compared to dogs.  

Understanding the association of energy metabolism activities to 

species-specific nutrient requirements and diseases may elucidate the mechanisms of 

energy metabolism conditions and pathologies, and may help with the future 

investigation and development of energy metabolism disease therapy. Further studies of 

such enzymes as diagnostic markers to assess the nutrient metabolism of dogs and cats 

will be valuable.  
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Conclusion 

 

 In conclusion, our date indicates that differences in various leukocytic 

enzymes of energy metabolism faithfully reflect differences in how cats and dogs utilize 

various nutrients. Deeper understanding of enzymes such as MDH, FK, PK and G6PD 

may be useful in the field of nutraceutical as the way to detect, prevent, and treat 

various metabolic conditions such as obesity and diabetes in cats and dogs.  
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The use of leukocytic MDH and M/L ratio to assess metabolic 

condition of diabetic dogs 
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Introduction 

 

Diabetes mellitus is one of the most commonly seen metabolic diseases in 

small animal practices. Diabetes is a disorder of glucose regulation and is characterized 

by hyperglycemia due to insulin deficiency, insulin resistance, or both. Diabetes 

mellitus is categorized into 2 main types: type 1 (insulin-dependent) with an absolute 

deficiency in insulin secretion, and type 2 (non-insulin dependent) with a combination 

of resistance to insulin action and insulin secretory defect (American Diabetes 

Association, 2010). In the case of type 1 diabetes, insulin injection, which supplements 

the deficiency in insulin secretion, is an essential part of the treatment. In the previous 

study (Eto et al., 1999), the importance of NADH shuttle function in glucose-induced 

insulin secretion was proposed. There are two NADH shuttles, the glycerol phosphate 

and the malate aspartate, which transfer cytosolic NADH into mitochondria for 

oxidative metabolism and ATP production, thus generating mitochondrial energy. 

Therefore, NADH shuttles are essential for coupling glycolytic metabolism to the 

activation of mitochondrial signals, which in turn, triggers glucose-induced insulin 

secretion.  

Glucose and lipids are the main sources of energy in most mammals. Just like 

aspartate aminotransferase (AST), malate dehydrogenase (MDH), a rate-limiting 
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enzyme of the malate-aspartate shuttle, is involved in glucose and lipid metabolism 

(Setoyama et al., 1988) by transporting cytosolic NADH into mitochondria to initiate 

oxidative ATP production (Hedskov et al., 1987). Alternately, lactate dehydrogenase 

(LDH) mediates a reaction that converts cytosolic pyruvate to lactate, consuming 

cytosolic NADH. Theoretically, since cytosolic LDH activity is considered to be 

relatively stable under various metabolic conditions, a cytosolic MDH/LDH (M/L) ratio 

may be useful in determining energy expenditure rate in various animal tissues. In this 

study, MDH, LDH, AST, and M/L ratio were measured and compared in diabetic dogs 

against normal control dogs. The objective was to evaluate the usefulness of 

aforementioned parameters as diagnostic/monitoring tools to evaluate the overall 

condition of the diabetic dogs. 
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Materials and Methods 

 

Animals 

 16 mixed-breed dogs were utilized in this study. The subjects were separated 

into 2 groups: diabetic (4) and control (12). The diabetic group included 3 females and 1 

male of ages between 5-7 years old, previously diagnosed of having type 1 diabetes 

mellitus. The spot plasma glucose (GLU) and immunoreactive insulin (IRI) 

concentrations, measured without any regard to the time elapsed since the latest meal, 

were greater than 302.4 mg/dl and 60pmol/l, respectively. These dogs were presented to 

the Veterinary Medical Teaching Hospital of Nippon Veterinary and Life Science 

University with uncontrolled diabetes mellitus, despite the previous administrations of 

insulin therapy at the referring hospitals. The insulin treatment was implemented with 

the use of 2-3U of injectable insulin (Monotard 40, Novo Nordisk, Denmark) every 12 

hours for 2 weeks until the diabetic condition was stabilized with their GLU 

concentration between 126 and 144 mg/dl at 4 hours after the morning insulin injection. 

The control group consisted of 6 females and 6 males of ages between 5-9 years. They 

were laboratory dogs maintained for research in our laboratory and deemed clinically 

normal.    

Collection and preparation of blood samples 
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Blood samples were collected from the jugular vein of each dog fasted 

overnight (at least 8 hours after the last meal), into the heparinized tubes. The blood 

collection was carried out in the morning and each diabetic dog received its morning 

meal and insulin administration immediately following the blood collection. The blood 

samples were left at room temperature for 15 to 20 min after the collection, then plasma 

was recovered by centrifugation at 3,000 rpm for 15min at 4℃ and stored at -80℃ 

until subsequent use.  

Leukocytes were isolated by gradient centrifugation with LSM™ lymphocyte 

separation isolating solution (ICN Biochemical, Aurora, OH, USA) as instructed by 

manufacturer`s instructions. Cytosolic and mitochondrial fractions of leukocytes were 

prepared and isolated via a method previously described (Washizu et al., 1998). 

Plasma metabolite assays 

Plasma glucose (GLU) concentrations were determined by the glucose oxidase 

method described by Huggett and Nixon (1957) and immunoreactive insulin (IRI) 

concentrations were determined by the ELISA method (Arai et al., 1989). Plasma free 

fatty acids (FFA) and total triglyceride (TG) concentrations were determined using 

commercial kits (Wako Pure Chemical Industries, Tokyo, Japan).   

Enzyme activity assays  

The MDH (Bergmeyer and Bernt, 1974c), LDH (Kaloustian et al.,1969), and 
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AST (Rej and Horder, 1983) activities in both the cytosolic fraction of leukocytes and 

plasma were measured by previously reported methods. Glutamate dehydrogenase 

(GLDH) activities in mitochondria were measured by the method described by Schmidt 

(1974). All enzymatic activities measured at 24-26oC were expressed as mU per mg of 

protein. The enzyme unit (U) represents 1μmol of substrate degraded per min. Protein 

concentration was measured by the Bradford (1976) method. The cytosolic M/L ratio 

was calculated as MDH specific activity divided by LDH specific activity.  
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Results 

 

All values of the diabetic group are presented in Table 1, and the control 

values are also presented as mean (SD) of 12 dogs in Table 1. In Table 2, the percentage 

differences of parameters of the diabetic group as compared against the healthy normal 

dog values (control) are listed. Although there is a range due to the individual variation 

of the diabetic status, plasma GLU, FFA, TG concentrations of the diabetic dogs are 

much higher, and leukocytic MDH, M/L and AST are much lower than the control dogs.  

Mean fasting plasma GLU of the diabetic dogs was 188% greater with its 

range from 142-244% increase. Mean plasma FFA was 70% greater in the diabetic 

group with a range of 44-96% increase. All of the individuals within the diabetic group 

showed higher plasma TG concentrations than the mean control value (7-44% greater) 

with the mean percentage increase of 24%. Activities of cytosolic MDH (42% lower) 

and AST (24% lower), and the resultant M/L ratio (33% lower) were noticeably lower in 

the diabetic dog group. The diabetic dogs demonstrated the average of 32% (range 

32-44%) less leukocytic mitochondrial MDH activity as compared to the control group.   

 

 

 

Discussion 
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Enzyme activities within the malate–aspartate shuttle reflect energy 

metabolism in animal tissues (Arai et al., 1998). An elevated M/L ratio would reflect a 

heightened level of energy metabolism and ATP production, and a decreasing M/L ratio 

would indicate a conservation or defect in energy metabolism and ATP production 

(Washizu et al., 2001). Previously, cytosolic M/L ratios of the canine lymphoma cells 

were compared against those of the healthy dogs’ normal lymphocytes. The elevated 

M/L ratios faithfully reflected the changes in glucose metabolism and the increased 

efficiency in energy production, generally expected in neoplastic cells (Washizu et al, 

2005). Conversely, in the previous study (Fararh et al., 2010), untreated diabetic rats 

with glucose metabolism dysfunction showed significantly lower cytosolic MDH 

activities and M/L ratios in peripheral blood leukocytes than those of the healthy control 

and the treated diabetic rats, and the depressed activities restored after successful 

glycemic control. 

Glycolysis yields cytosolic NADH and pyruvate for the TCA cycle, which then 

activate ATP generation in mitochondria. In the study performed by Eto et al. (1999), a 

blockage of NADH shuttle function in pancreatic ß cells depressed insulin secretion, 

indicating its crucial role in coupling of glycolysis with insulin secretion. Decrease in 

MA shuttle enzyme activities may be associated with depressed use of glucose such as 
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glucose uptake and glycolysis in peripheral tissues, resulting in increased circulating 

plasma glucose concentrations (Ferrannini et al., 1985). In the present study, type 1 

diabetic dogs showed lower levels of MDH, resultant M/L ratio, as well as AST, 

compared to the healthy control dogs. Decreased activity levels of MA shuttle enzymes 

may be one of the characteristics of energy metabolism in diabetic dogs, and may be 

useful as a diagnostic indicator to monitor the overall metabolic condition of diabetic 

patients. Evaluating MDH activities and ML ratios in various diabetic patients, such as 

uncontrollable patients vs. controlled, or obese vs. cachectic patient etc., may elucidate 

the association between NADH shuttle function and diabetes development, and may 

help identify those at risk and predict the disease progression. Mechanism of decrease in 

MDH activities and its effect on development of diabetes should be studied further and 

in other metabolic diseases such as type 2 diabetes mellitus and obesity. 

 

 

 

 

 

 

Conclusion 
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 Assays of MDH and M/L ratio on leukocytes may serve as sensitive 

diagnostic tools for assessing overall conditions of type 1 diabetic dogs. Further 

investigations elucidating the association between NADH shuttle function and insulin 

secretion may help identify those at risk and predict the disease progress. The diagnostic 

significance of these parameters should be further examined on type 2 diabetic animals 

and various types of metabolic diseases. 
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Chapter 3 

 

 

 

Comparison of plasma malate dehydrogenase, lactate 

dehydrogenase, and M/L ratio and lipid mobilization rate 

between racehorses and riding horses 
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 Extraneous training can cause mitochondrial functional changes in horses 

including improved mitochondrial respiration in certain muscle groups (Votion et al., 

2010). Increased activities of the malate–aspartate shuttle enzymes indicate improved 

efficiency in energy metabolism in animal tissues (Arai et al., 1998). Specifically, 

malate dehydrogenase (MDH) plays a crucial role in metabolism of glucose and lipids 

(Setoyama et al., 1988) by transporting cytosolic NADH into mitochondria to initiate 

oxidative ATP production (Fig 1) (Hedskov et al., 1987). Alternately, lactate 

dehydrogenase (LDH) mediates a reaction that converts cytosolic pyruvate to lactate 

consuming cytosolic NADH (Fig 1). Pyruvate is the final product of glycolysis, and is 

converted to oxaloacetate acid, acetyl CoA, and alanine, which is affected by energy 

metabolic changes in animal tissues. Therefore, pyruvate metabolism is considered to 

reflect the energy metabolic status within animal tissues. Since cytosolic LDH appears 

to maintain its stability under various metabolic conditions, MDH/LDH (M/L) ratio 

may be a useful marker for energy expenditure, and an elevation in M/L ratio would 

indicate a heightened level of energy metabolism such as increased ATP productions 

within animal cells and tissues (Washizu et al., 2001).  

Previous study (Arai et al., 2002) revealed a significant elevation in the activity 

of MDH in racehorses undergoing continuous extraneous training, compared to that 
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of riding horses. An elevated MDH activity may reflect improved efficiency in 

energy production within the muscle tissues necessary for the maintenance of high 

performance level. In the previous Thoroughbred racehorse studies, the usefulness of 

M/L ratio in the peripheral blood leukocytes (PBL) has been assessed (Arai et al., 

2002, 2001; Hosoya et al., 2004). However, the use of PBL as a source for 

determining M/L ratio has resulted in inconsistent results: one study yielded a 

significantly higher M/L ratio for racehorses (Arai et al., 2002), whereas another 

study did not (Arai et al., 2001). The use of PBL may not be appropriate to determine 

M/L ratios in horses with varying activity levels, since the enzymatic activities of 

PBL malate-aspartate shuttle may not directly reflect the ATP production rate in 

skeletal muscles, but rather, may reflect the energy metabolism of other tissues in 

horses (Arai et al., 2003b). This is because of the possible differences in LDH among 

various tissue sources, as suggested by the difference in LDH isoenzyme patterns 

between plasma and PBL (Arai et al., 2003a; Hatzipanagiotou et al., 1991). 

Additionally, because PBL are involved in immune function and host defense, the 

shifts in immune status are considered to affect energy metabolism and MDH 

activities.  

 The goal of this study is twofold. The first is to compare the activities of 

MDL, LDH, and the MDL ratio between racehorses and riding horses, and to assess 
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the usefulness of M/L ratio in PBL and plasma as an evaluation marker. Secondly, we 

profiled plasma lipid metabolism analytes to determine whether the heightened 

energy metabolism in racehorses is reflected in the rate of lipolysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Materials and Methods 
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Animals 

 All of the horses studied were Thoroughbreds, and were deemed healthy and 

non-pregnant (in the case of mares) by the veterinarian on site. Five Thoroughbred 

racehorses (3 males and 2 females, 3-7 years old) used in this study were held and 

trained at the Saitama Prefectural Urawa Horse racing Association’s Noda Training 

Center in Saitama, Japan. Five riding horses (1 male, 1 female, and 3 geldings, 6-22 

years old) were kept at the Saitama Riding Club Association within the same property 

as the training center mentioned above. The study duration was 10 weeks. A 2- hour 

(5:00 to 7:00 am) daily exercise regimen for each racehorse was as follows: a 10-day 

workout period allotting 3 days to fast galloping (13 to 18 ms-1for 1000–1200 m), 6 

days to slow walking (6 to 8 ms-1 for 1500–2000 m) with each following a warm-up and 

ending with a cool-down, and 1 day to rest. Each riding horse was exercised 6 days out 

of one week by walking (2 to 3 ms-1 for 5 to 10 min) and trotting (4 to 6 ms-1 for 15 to 

20 min), and resting on a 7th day, over a 10 week period. Each horse was provided high 

quality hay and concentrated feed, and reared on a grass field. All racehorses received 

additional protein supplementation. Daily feeding was from 5 am to 10 am, and 5 pm to 

7 pm. 

Sample collection 
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The study subjects belonging to either group were rested on the day of blood 

collection. Each blood sample was collected from the jugular vein into the heparinized 

tubes between 12:00 to 14:00 (4 hours postprandial). Each horse was handled with care 

during the blood collection procedure to avoid fear and excitement. Blood samples were 

left at room temperature for 15-20 minutes, then centrifuge at 4℃, 3,500rpm, then 

stored at -25℃, until use. Leukocyte isolation was performed by gradient centrifugation 

with LSM™ lymphocyte separation isolating solution (MP Biochemicals LLC, Solon, 

OH, USA) following the manufacturer’s instructions. Cytosolic fractions of leukocytes 

were prepared and isolated according to the method described by Washizu et al (1998). 

Plasma metabolites  

Plasma glucose (GLU), total cholesterol (TC), total triglyceride (TG) were 

measured using an autoanalyzer (AU2700, Olympus Corporation, Tokyo, Japan) with 

the manufacturer’s reagents. Plasma non-esterified fatty acid (NEFA) and adiponection 

concentrations were measured using a Wako NEFA-C test commercial kit (Wako Pure 

Chemical Industries, Inc., Tokyo, Japan) and a mouse/rat adiponectin kit (Otsuka 

Pharmaceutical Co., Tokyo, Japan) respectively. Immunoreactive insulin (IRI) 

concentration was determined by using a commercial porcine insulin ELISA kit 

(AKRIN-013T, SHIBAYGI Co., Gunma, Japan) and equine insulin standard 

(AKRIN-019, SHIBAYAGI Co., Gunma, Japan). 
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Enzyme activity assays  

The MDH (Bergmeyer and Bernt, 1974c) and LDH (Kaloustian et al., 1969) 

activities in both the cytosolic fraction of leukocytes and plasma were measured by 

previously reported methods. All enzymatic activities measured at 24-26oC were 

expressed as U per liter of plasma (volume activity) and mU per mg of protein in 

cytosolic fractions (specific activity). The enzyme unit (U) represents 1μmol of 

substrate degraded per min. Protein concentration was measured by the Bradford (1976) 

method. The cytosolic M/L ratio was calculated via MDH specific activity divided by 

LDH specific activity.  

Statistical analysis 

Results are presented as median ± min/max range. Groups were compared using the 

Mann–Whitney U-Test for data with non-normal distribution. Statistical significance 

level was set at P < 0.05. All tests were conducted using Sigmaplot analysis software 

(Sigmaplot 11.0, Build 11.0.077; Systat Software Inc., San Jose, CA). 

 

 

 

 

Results 
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 The results are as shown in Table 1. Riding horse group was set as the control 

as comparatively lower energy metabolism level than racehorses was expected. In PBL, 

MDL activity was significantly higher (Mann Whitney U-test, p<0.05) in racehorses, 

but no significant difference was seen in LDH activity and the resultant M/L ratio. 

Meanwhile both MDH and LDH activities were higher in racehorse plasma, and the 

resultant M/L ratio difference was twice that of the riding horses (2.04 x). Additionally, 

M/L ratio in plasma compared to that in PBL was 4 times more in racehorses, and about 

twice in riding horses. In Table 2, the measurements of the plasma metabolites are 

shown. Compared to the control (riding horses), racehorses showed significantly higher 

concentrations of most metabolites measured in this study. Particularly, differences in 

parameters of energy metabolism were remarkable: Racehorses showed 12% more GLU 

and 50% more NEFA concentrations, twice the amount of TG and adiponectin 

concentrations than seen in riding horses.  

 

 

 

 

Discussion  
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Previously, we focused on the diagnostic values of peripheral leukocytes as 

potential markers of physiological changes occurring in animal tissues. The term 

“sentinel principle” is based on the idea that peripheral leukocytes travel through the 

entire body and continuously interact with the cells of each tissue, accurately reflecting 

the subtle changes occurring in response to internal and external stimuli as they may 

arise (Liew et al., 2006). However, in this case, the use of plasma as opposed to PBL to 

determine M/L ratio appeared to be more sensitive, since it resulted in significant 

difference between racehorses and riding horses. In fact, PBL based data indicated no 

significance in M/L ratio between the groups. 

 The reasons why plasma may have been more appropriate in this case to 

determine M/L ratio are as follow. First, the isoenzyme pattern of LDH between plasma 

and PBL are different: LDH-1, -2, and -3 are dominant in plasma (Arai et al., 2003a; 

Hatzipanagiotou et al., 1991) while LDH-3 and -4 are dominant in peripheral leukocytes 

(Arai et al., 2003a) suggesting a possible difference in LDH tissue source representation. 

LDH is a tetramer, composed of four subunits of the H and M molecules, and its subunit 

composition determines the kinetic behavior of each isoenzyme (Bishop et al., 1972). 

Isoezymes, as described by Hunter and Markert (1957), are the different variants of the 

same enzyme with identical functions within the same individual. LDH-1 are dominant 
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in heart and RBCs; LDH-2 in monocytes and macrophages; LDH3 in lungs; LDH-4 in 

kidneys, placenta, and pancreas; and LDH-5 in liver and striated muscle. As such, LDH 

activity in plasma may be more encompassing of the whole body as opposed to that 

exhibited by peripheral leukocytes. In racehorses, that face increased energy demands 

especially in skeletal muscles, plasma M/L ratio may be a better indicator of the whole 

body energy metabolism than leukocytic M/L ratio, that mainly reflects the energy 

metabolism of the hepatic cells. Secondly, because leukocytes are involved in immune 

function and host defense, any stimuli to the immune system may have an effect on 

energy metabolism, affecting the MDH activity levels. For example, it has been 

previously documented that dogs and rats suffering from Type 1 DM exhibit lower PBL 

MDH activity levels than those of the healthy control. (Arai et al. 2003b; Fararh et al., 

2010).  

The results of plasma metabolites from this study were in accordance with the 

theory that MDH/LDH (M/L) ratio may be a useful marker for assessing energy 

expenditure, and elevation in M/L ratio would indicate a heightened level of energy 

metabolism such as increased ATP productions within animal tissues (Arai et al., 2001, 

2002). In this case, racehorses would represent a model for adaptation to a regular 

extraneous training over a long period, while riding horses would represent a model for 

adaptation to a suboptimal semi-regular non-extraneous training. A long-term 
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extraneous training most likely induced heightened state of energy metabolism and was 

reflected by the elevated levels of plasma MDH and LDH activities in racehorses. 

In order to evaluate the association between this heightened overall energy status 

and metabolism of glucose and lipids, we compared the plasma metabolite values 

between racehorses and riding horses. 

During the long-term extraneous training, glycogenolysis and lipolysis are essential 

for energy production in muscle tissues (Rose et al., 1980; Essén-Gustavsson and 

Jensen-Waern, 2002). Significantly higher glucose and insulin in racehorses reflect a 

higher rate of glycogenolysis to provide free glucose-6-phosphate muscle cells and 

glucose for other tissues. Additionally, evidence of accelerated lipid mobilization is 

indicated by significant elevations in NEFA (50% greater), TG (100% greater), 

adiponectin (100% greater), and TC (20% greater) in racehorses as compared to riding 

horses. These findings suggest that the muscle tissues of the racehorses have adapted to 

prolonged extraneous training by increasing fat utilization as an energy source and 

gaining a higher oxidative capacity. This may support the ideas that the horses adapted 

to high fat diet may have more efficient metabolism during exercise compared to those 

provided high carbohydrate diet (Treiber et al., 2006). 

The limitations of this study are as follow. First of all, the number of horses in each 

group was small and a one-time blood sample collection per horse may have resulted in 
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low statistical power. Secondly, the riding horses used in this study were significantly 

older compared to the racehorses, with a mean age of 12.8 as opposed to 5.2 years. 

Aging may have an impact on energy expenditure, and thus matching the age between 

the two groups may be appropriate for the future. Third, postprandial influence on 

plasma metabolite values such as glucose, insulin, and triglycerides should be 

considered since the blood was collected within 4 hours of feeding. In general, 

8-12-hour fasting time is recommended to avoid postprandial dynamic changes in 

plasma concentrations of lipid components, However, since the food formula provided 

to both groups of horses was fundamentally the same, except for some additional 

protein supplementations for race horses, any variations can be interpreted as the 

individual differences.   

 

  

 

 

 

  

 

Conclusion 
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A long-term extraneous exercise regiment appears to result in increased 

efficiency in energy production and expenditure, as evidenced by higher plasma M/L 

ratio and increased lipolysis rate in racehorses as compared to riding horses. This may 

be due to the adaptation of the racehorses to higher activity levels resulting in 

mitochondrial functional changes, such as marked increases in muscle mitochondrial 

respiration, in order to process and consume energy more efficiently. Racehorses also 

appeared to have an increased rate of lipid mobilization, which would indicate the 

changes in their skeletal muscles gaining a higher oxidative capacity and increased 

capacity for fat utilization as an energy source to adapt to prolonged extraneous exercise. 

The results indicated that M/L ratio may serve as the useful marker to assess the 

effectiveness of different exercise regimen, diet, and nutritional supplements in 

performance animals.  

 

 

 

 

 

 



 45 

 

Tables and Figures 
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Figure legend 

 

Fig 1: A schematic view of a typical animal cell showing glycolysis, malate 

aspartate shuttle (MA shuttle), and TCA cycle.   

Note how the enzymes of MA shuttle, MDH (malate dehydrogenase) and AST 

(aspartate transferase), contribute to coupling of glycolysis and TCA cycle via NADH 

transfer. Pyruvate, lactate, malate, oxaloacetate, and NADH are closely associated via 

the activities of LDH and MDH. 
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Chapter 4 

 

 

 

Changes in plasma malate dehydrogenase, lactate 

dehydrogenase, and M/L ratio as energy metabolism markers 

of acute weight gain in dogs 
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Introduction 

 

 In recent years, the prevalence of obesity and its associated metabolic diseases 

in companion animals has been increasing and the awareness of prevention of weight 

gain/obesity has risen more than ever (Lund et al., 2005, 2006). Obesity is one of the 

risk factors for the metabolic syndrome (MS), a cluster of the risk factors for heart 

attack, which include insulin resistance, hyperglycemia, abdominal obesity, high 

cholesterol, high triglyceride, and high blood pressure (IDF, 2005). Overweight and 

obese individuals are at increased risk for developing associated diseases such as 

diabetes mellitus, orthopedic disease, neoplasia, respiratory and urinary disease, and 

have shorter life span (Burkholder, 2000; German et al., 2010). Additionally, a recent 

developing concern revolves around the concept that obesity is accompanied by chronic 

low-grade systemic inflammatory response caused by increased insulin resistance and 

production of inflammatory mediators, which in turn, may contribute to the onset of 

obesity-related diseases. An adipocyte is considered not only inert fuel storage, but also 

an active secretory and endocrine organ (Trayhurn et al., 2005, 2006). Among many 

secreted substances, protein factors referred to as adipokines, are of particular interest, 

since they are involved in a wide range of physiological processes such as hemostasis, 

lipid metabolism, blood pressure regulations, insulin sensitivity, and immune functions 
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(pro-inflammatory and anti-inflammatory), and may contribute to the development of 

MS in obese individuals (Laflamme et al., 2012).  

In veterinary medicine, there is no consensus on quantitative mechanical and 

biochemical parameters and their reference ranges as potential indicators to gauge the 

stages of weight gain, and to confirm the presence of pathological weight gain. One 

commonly accepted evaluation method of weight status is body condition score (BCS), 

a semi-quantitative assessment with a range of categories from cachectic to severely 

obese (Laflamme, 1997). However, a classification of BCS may be subjective since it 

employs visual observation and palpation of an observer. Interobserver variation is 

inevitable and it can be problematic when a borderline overweight/obesity is being 

evaluated since it may confound the point where early medical and/or environmental 

intervention is warranted. Previously, many researchers have introduced various 

quantitative parameters such as lipid concentrations (Watson and Barrie 1993; Johnson 

et al., 2005) and lipoprotein profiles (Jericó et al., 2009; Mori et al., 2011), and their 

reference values to distinguish overweight and obese individuals from the normal ones.   

In this chapter, we investigated the changes in plasma biochemical and 

metabolite concentrations, which had been previously studied as potential diagnostic 

indicators of pathological weight gain, in experimentally overfed dogs. More 

importantly, we studied the energy metabolism enzyme markers, malate dehydrogenase 
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(MDH), lactate dehydrogenase (LDH), and MDH-LDH (M/L) ratio, in experimentally 

overfed dogs to determine their correlations with body weight (BW) and BCS changes, 

and to evaluate their potential diagnostic significance as one of the parameters in early 

detection of weight gain and prevention of MS. 
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Materials and Methods 

 

Animals 

16 male Beagle dogs of ages 2 to 4 years were utilized in this study. The 

subjects were separated into 2 groups: overfed (13) and control (3). The study duration 

was 4 weeks.  The diet given was BEAUTY pro® (Nihon Pet Food Inc., Tokyo) and 

its nutrition composition was stated as follow: Crude protein (25.0% minimum), crude 

fat (12.0% minimum), crude fiber (3.0% maximum), ash (8.5% maximum), moisture 

(10.0% minimum), calcium (1.0% minimum), phosphorus (0.8% minimum). 13 dogs in 

the overfed group were each fed twice the daily energy requirement (DER) as 

appropriate for its age and current weight (1.4×70 x Weight0.75), separated into 3 

feedings per day. As a reference, the control dogs were also fed the diet mentioned 

above, but only given 1 x DER separated into 3 meals/day. Each subject was kept in a 

cage measured 45cm (width) x 55 cm (length) x 75 cm (depth), and was given water ad 

libitum and allowed 10 hours of day light (8 am to 6 pm), and minimal daily activity 

within the cage. Each subject was evaluated by the same veterinarian on-site each time 

and deemed clinically healthy, and was classified by BCS of 1-5 based on palpation and 

visual inspection. The referred BCS in this study was a 5-point scale with: 1) very thin, 

2) underweight, 3) ideal, 4) overweight, and 5) obese. Ethical approval was obtained 
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from Institutional Animal Care and Use Committee in Nippon Veterinary and Life 

Science University. 

Collection and preparation of blood samples 

5ml of postprandial blood samples were collected from the cephalic vein of each 

dog, fasted overnight (at least 8 hours after the last meal), into the heparinized tubes. 

The blood samples were left at room temperature for 15 to 20 min after collection, and 

then plasma was recovered by centrifugation at 3,000 rpm for 15min at 4℃ and stored 

at -80℃ until subsequent use.  

Leukocytes were isolated by gradient centrifugation with LSM™ lymphocyte 

separation isolating solution (MP Biochemicals LLC, Solon, OH, USA) as instructed by 

manufacturer`s instructions. Cytosolic fractions of leukocytes were prepared and 

isolated via a method previously described (Washizu et al., 1998). 

Plasma metabolite assays 

Plasma glucose (GLU), total cholesterol (TC), total triglyceride (TG), total 

protein (TP), blood urea nitrogen (BUN) and creatinine (CRE) concentrations, and 

alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline 

phosphatase (ALP) activities were measured using an autoanalyzer (JCA-BM2250, 

JEOL Ltd., Tokyo, Japan) with the manufacture’s reagents at Monolis Inc. (Tokyo, 

Japan).  
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Enzyme activity assays  

MDH (Bergmeyer and Bernt, 1974c) and LDH (Kaloustian et al., 1969) 

activities in both the cytosolic fraction of leukocytes and plasma were measured by 

previously reported methods. All enzymatic activities measured at 24-26oC were 

expressed as U per liter of plasma (volume activity) and mU per mg of protein in 

cytosolic fractions (specific activity). The enzyme unit (U) represents 1μmol of 

substrate degraded per min. Protein concentration was measured by the Bradford (1976) 

method. M/L ratio was calculated as MDH activity divided by LDH activity.  

Statistical analysis 

The comparison was made between pre- and post-overfeeding samples of the 

same group. Results were presented as mean ± SD. Statistical significance was 

determined by paired Student’s t-test. The significance level was set at p < 0.05. 
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Results 

 

Table 1 shows the changes in BW, BCS, plasma metabolites, and enzyme 

activities in both plasma and peripheral leukocytes, and M/L ratios of the overfed and 

control individuals comparing pre- and post-4-week diet trial period. Table 2 shows the 

comparison of pre- and post-feeding trial mean values of each group (overfed and 

control groups). The overfed dogs showed about 28.2% increase in the BW and the 

increase of BCS from 1.9 to 3.4, whereas the control group showed only a 4.6% BW 

increase and the BCS increase of 0.5 points. When the plasma and leukocytic 

parameters of pre- and post-feeding periods were compared, the significant elevations 

were noted in TG, TC, GLU ALP, BUN, leukocytic MDH and LDH of the overfed 

group. Although not significant, both the plasma MDH and LDH activities decreased, 

whereas leukocytic MDH and LDH activities increased in the overfed group after the 

feeding trial. Both the resultant plasma and leukocytic M/L ratios showed mild increase 

in the overfed group after the feeding trial.  
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Discussion 

 

Enzyme activities within the malate–aspartate shuttle reflect energy 

metabolism in animal tissues (Arai et al., 1998). Glucose and lipids, as well as amino 

acids, are the main sources of energy in most mammals. Malate dehydrogenase (MDH), 

a rate-limiting enzyme of the malate-aspartate shuttle, plays a crucial role in metabolism 

of glucose and lipids (Setoyama et al., 1988) by transporting cytosolic NADH into 

mitochondria to initiate oxidative ATP production (Hedskov et al., 1987). Alternately, 

LDH mediates a reaction that converts cytosolic pyruvate to lactate consuming cytosolic 

NADH. Theoretically, since cytosolic LDH activity is considered to be relatively stable 

under various metabolic conditions, a cytosolic MDH/LDH (M/L) ratio may be useful 

in determining energy usage in various animal tissues. An elevated M/L ratio would 

reflect a level of energy metabolism and ATP production, and a decreasing M/L ratio 

would indicate a conservation or defect in ATP production (Washizu et al., 2001).  

Glycolysis yields cytosolic NADH, and pyruvate for the TCA cycle. The 

malate-aspartate shuttle plays a crucial role in insulin secretion by coupling glycolysis 

with the activation of ATP generation in mitochondria (Eto et al., 1999). In the study 

performed by Eto et al. (1999), blockage of NADH shuttle function in pancreatic ß cells 

depressed insulin secretion. In other studies, MDH activity levels and M/L ratios in 
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dogs and cats suffering from spontaneous diabetes were lower in peripheral leucocytes 

than those of the control animals (Arai et al., 2005; Magori et al., 2005). As presented in 

Chapter 1, cats that show decreased ability to use glucose as energy and increased 

tendency to store energy as fat had lower MDH activity and M/L ratio. In the diabetic 

cats, intrinsically lower activities of MDH in leucocytes decreased even further (Magori 

et al., 2005). Furthermore, our team previously showed that the changes in MDH 

activity in leucocytes of experimentally induced diabetic dogs faithfully reflected the 

changes in metabolic condition, as its depressed activity improved after the successful 

glycemic control with intensive insulin treatments (Arai et al., 2002).  

Since the changes in M/L ratio reflect the energy metabolism and health status 

in animals, we sought a diagnostic potential in M/L ratio as a marker for confirming 

early weight gain in conjunction with BCS changes, in apparently healthy animals 

exhibiting no overt clinical sequelae of weight gain.  

In this chapter, we focused on dogs with experimentally induced acute weight 

gain. The weight gain in our experimentally overfed group was 28.2% over a 4-week 

period with a BCS increase of 2.5 points. However the resultant BCS was 3.5, and did 

not quite reach the overweight/obese categories, but rather, it resulted in an 

improvement of the weight status from cachectic/thin to ideal/mildly overweight. 
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Concomitantly, significant elevations in GLU, TG, TC were also noted, although the 

values weren’t high enough to reach the levels of hyperglycemia and hyperlipidemia set 

by the new MS diagnosis criteria (Kawasumi et al., 2012) or the hypertriglyceridemia 

and hypercholesterolemia levels used as the common signs of obesity (Watson and 

Barrie, 1993; Johnson, 2005). Although not significant, leukocytic and plasma M/L 

ratios of the overfed group showed mild increasing trends which may reflect improved 

energy metabolism status with a better nutritional status and positive energy balance. As 

a future study, we plan to investigate whether the various types of weight gain (i.e. 

acute weight gain, chronic, mild, severe, and visceral, or subcutaneous obesity) can 

influence or induce changes in biochemical metabolite concentrations and energy 

metabolism markers differently.  

 Changes in energy metabolism may be reflected more faithfully in tissues, 

such as muscle, liver, or adipose tissues, that directly require, generate, and process 

energy in the forms of NADH, NADPH, ATP, lipid and glucose precursors. Higher 

enzymatic activities in these tissues may reflect elevated energy metabolism, indicating 

more ATP production, energy generation, and mitochondrial respiration. Conversely, 

lower activities of energy metabolism enzymes may indicate depressed, conserved, 

inefficient energy metabolism in these tissues. In the study of Macková et al. (1982), 
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skeletal muscles of high-performing skiers showed elevated activities of TCA (MDH 

etc.) and glycolytic (LDH etc.) enzymes during the pre-competition training and 

post-competition periods, compared to those of the recreational skiers, and the elevation 

faithfully reflected the increase in physical exercise. The activity of MDH, involved in 

generation of glucose-derived fatty acid precursors and NADPH production required for 

fatty acid synthesis, was also shown to be higher in active adipose tissues of the obese 

swine compared to that of the lean swine (Hood and Allen, 1973).  

 In general, leykocytes and plasma are considered to reflect subtle 

physiological changes occurring in animal tissues (de Mello et al., 2008; Oliver et al., 

2013), and the enzyme activity of leukocytic and plasma malate-aspartate shuttle could 

be an indicator for changes in energy metabolism of the whole body (Arai et al., 2003c). 

In this chapter, we monitored the changes in MDH, LDH activities, and M/L ratios of 

leukocytes and plasma to assess their usefulness in clinically more accessible forms. 

However the sensitivity of this method seems to be low in detecting early acute weight 

gain. 

In the future, it will be ideal to measure and compared the changes in various 

cells/tissues such as leukocytes, plasma, muscle, liver, and adipose tissues in order to 

follow the trends in energy usage efficiency associated with changes in weight status. 
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Conclusion 

 

Assays of MDH, LDH, and M/L ratio on plasma and leukocytes are not 

sensitive as diagnostic tools for detecting acute weight gain, but may reflect energy 

metabolism and nutritional status of individuals. The diagnostic significance of the 

above mentioned parameters should be further examined on various types of weight 

gain and target tissues in order to identify pathological weight gain that results in MS 

and decreased life span. 
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General Conclusion 

 

Energy metabolism drives all cellular functions in living cells. Status of 

energy metabolism is dynamic as all things associated with life are, reflecting, and 

reflected in, macroscopic and/or microscopic changes occurring in living things. In this 

thesis, I focused on enzymes involved in energy metabolism, in particular, the enzymes 

of NADH shuttles, to show whether their activity changes faithfully reflect the 

variations in nutrient metabolism, metabolic status, and health conditions of various 

species and individuals. Specifically, malate dehydrogenase (MDH) is a rate-limiting 

enzyme of the malate-aspartate shuttle that contributes to the transfer of cytosolic 

NADH into mitochondria, coupling glycolysis with mitochondrial ATP productions. By 

dividing the cytosolic MDH by lactic dehydrogenase (LDH), a relatively stable 

cytosolic marker enzyme, MDH/LDH ratio was analyzed as the parameter for 

evaluating metabolic status in animal tissues.  A better grasp of trends in shifts of the 

energy metabolism enzymes may assist us to better understand species-species 

differences in energy production and usage, and early detection and prevention of 

energy metabolism dysregulation associated with medical conditions such as diabetes, 

neoplasia, and obesity. 

In Chapter 1, enzyme activities of energy metabolism, MDH, LDH, M/L ratio, 
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and glutamate dehydrogenase (GLDH), of the feline leukocytes were compared against 

those of the canine leukocytes. GLDH is associated with the interconnection of amino 

acid and carbohydrate metabolism, and catalyzes the reversible conversion of glutamate 

to alpha-ketoglutarate and ammonia, allowing glutamate to fuel the TCA cycle for 

energy production under low cellular energy status (Spanaki et al., 2012).  

Significantly lower cytosolic MDH, M/L ratio and mitochondrial GLDH activities in 

feline leukocytes suggest that the feline cells utilize less glucose as energy source 

compared to the canine cells. Furthermore, higher activity levels of FK in feline 

leukocytes indicates active utilization of fructose, and subsequent activation of PK and 

G6PD, which in turn, contribute to fatty acid synthesis (Naismith, 1971). Lower MDH, 

M/L ratio, GLDH, and higher FK, PK, and G6PD may reflect the unique demands and 

usages of nutrients and energy sources in cats with higher incidence of obesity, insulin 

resistance, and diabetes mellitus compared to dogs. 

Fig 1 is a summary chart of MDH, LDH, M/L ratios and their relative changes 

in various physiological and pathological states of dogs, cats, rats and horses. The 

arrows denote the direction of relative levels compared against the normal control or 

paired starting level. Elevations in cytosolic and mitochondrial MDH and the resultant 

cytosolic M/L ratio are noted in cells that may be experiencing increased mitochondrial 

ATP productions to provide for increased energy demands (intense exercise, neoplastic 
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cell growth, acute weight gain). Diabetes mellitus, which causes dysregulation of 

glucose metabolism, is associated with depressions in leukocytic MDH activity and 

resultant M/L ratio. These changes reflect the defect in glucose usage and uptake as 

energy source in peripheral tissues, resulting in increased circulating plasma glucose 

concentrations (Ferrannini et al., 1985).   

This may explain why type 1 diabetic dogs with higher plasma glucose 

concentrations, showed lower levels leukocytic MDH, resultant M/L ratio, as well as 

AST, as compared to the healthy control dogs, as shown in Chapter 2. Decreased 

activity levels of MA shuttle enzymes may be one of the characteristics of energy 

metabolism in diabetic dogs, and may be useful as a diagnostic indicator to monitor 

overall metabolic condition of the diabetic patients. 

In Chapter 3, racehorses were studied against riding horses to show whether 

the long-term extraneous exercise regiment induces increased efficiency in energy 

production and expenditure. As evidenced by a higher plasma M/L ratio, and increased 

lipolysis rate in racehorses, racehorses may have adapted to the demands of higher 

activity levels by increasing muscle mitochondrial respiration, oxidative capacity, and 

fat utilization of the skeletal muscles as energy source in order to process and consume 

energy more efficiently. 

Acute weight gain in response to increased positive energy balance, although 
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not significant, did show relative increases in leukocytic and plasma M/L ratios to reflect 

improved energy metabolism status with a better nutritional status. The aim of the study 

was to seek a diagnostic potential in M/L ratio as a marker for confirming early weight 

gain in conjunction with BCS changes, in apparently healthy animals exhibiting no 

overt clinical sequelae of weight gain. Although future studies on various types of 

weight gain (i.e. acute weight gain, chronic, mild, severe, and visceral, or subcutaneous 

obesity), and tissue types (leukocytes, plasma, muscle, and liver) are needed in order to 

follow the trends in energy usage associated with changes in weight status, M/L ratio 

may be a good indicator for detecting early weight gain that may result in MS and 

decreased life span, if used appropriately.  

As the life spans of companion animals are extending, the prevalence of 

metabolic syndrome such as obesity and DM, as well as neoplasia and other serious 

diseases, is increasing. Plasma metabolites are easy to collect and measure, and are 

highly accessible in clinical settings. The development of useful plasma markers, that 

can identify the risk factors and diagnose such life-threatening diseases early, is in need 

to extend the “health span” of companion animals.  

 The MA shuttle enzyme activities, in particular, MDH, are dynamic, and 

faithfully reflect glucose metabolism and ATP production. When combined with 

common biochemical parameters, M/L ratio may be used as potential 
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diagnostic/monitoring parameter in determining the metabolic status of each individual, 

and for various health conditions. Further studies on various disease models and 

metabolic states in different species may assist in a better understanding of their clinical 

usage. 
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Figure 

 

 

 

 

 

Fig 1: Summary chart MDH, LDH, M/L changes in various conditions 
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Figure legend 

 

 

Fig. 1 Summary chart MDH, LDH, M/L changes in various conditions 

Shifts in enzyme activities of energy metabolism faithfully reflect metabolic changes in 

various health conditions.Arrow directions indicate significantly increased () and 

decreased () levels compared to the normal control (healthy individuals or starting 

levels in the case of weight gain). “Cells” represent peripheral blood leukocytes unless 

otherwise indicated. Slanted arrows indicate increasing () and decreasing () 

tendencies although not statistically significant. 
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