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SUMMARY

In the last 20 years we have applied microcalorimetry to the study of metabolism in
living cells with the purpose of obtaining useful information in the medical field. Both cell
suspensions and pieces of tissues have been used. Cell metabolism, as recorded by heat
production rate, has been found to reflect the activity of the disease in several
pathological conditions: thyroid dysfunctions, acromegaly, acute leukaemia, peripheral
arterial disease. In non-Hodgkin lymphoma, a heterogenous group of tumors with variable
degree of malignancy, high heat production rate in tumor cells and lymhocytes was associ-
ated with a poor prognosis. Microcalorimetry appears to be a useful methodology in the
medical field.

INTRODUCTION

Since 20 years we have applied microcalorimetry to the study of metabolism in living
cells. Most of the work has been done with human material but also other mammalians have
been used, mainly in projects where it was necessary to sacrifice the animals in order to
obtain the desired specimens.

Initial studies

The human erythrocyte was the first cell studied (ref 1-2) and the methodological work
done on it was used as a model for the following investigations on other cells. The initial
part of the work was concentrated on studying the various parameters affecting the
calorimetric results: type of calorimeter, suspension media, preparation of cell suspensions,
pH, temperature. Heat production rate was found to increase linearly in the physiological
range by 1.2 % per 0.01 pH unit whereas the temperature coefficient for heat production
was determined to be Q1O=2'8 in the temperature range 32 - 42 Oc. Simitar studies were
later performed for lymphocytes (ref 3) platelets (ref 4) adipocytes (ref 5) and skeletal
muscle (ref 6).

In the early stage of our work with blood cells we have been concerned whether the
preparation of the suspensions might affect the metabolic state of the cells. In order to
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investigate this possibility, we measured simultaneously heat production in samples of whole
blood and the different purified cell fractions and plasma (ref 7). We found full agreement
between the values obtained in whole blood and the values resulting from the sum of the
heat production by the single blood constituents.

In one of the first clinical applications of this methodology we found that heat produc-
tion rate in erythrocytes from patients with anemia was significantly higher than the
corresponding value in healthy subjects (ref 8). Our interpretation of these results is that
anemia stimulates the bone marrow to increased production of new erythrocytes to
compensate for the deficiency, resulting in an increase of young cells, with higher metabolic
activity, in the circulation.

Thyroid dysfunction was one of the first clinical conditions investigated and detailed
information is given by Monti et al. (ref 9).

MEASUREMENT OF HEAT PRODUCTION DURING INHIBITION OR STIMULATION OF CELL
METABOLISM
Inhibition

By use of ouabain, that biocks completely the sodium-potassium pump, decreased heat
production was recorded (ref 10-11). These changes were correlated to variations of
intracellular sodium (ref 12) and indication was obtained that the calorimetric values
reflected the function of the sodium-potassium pump. This experimental model was used to
study calorimetrically the importance of the sodium-potassium pump in obesity (see later in
the present article) and hyperthyroidism (ref 9).

The energy flow via the aerobic and anaerobic pathway respectively was estimated by
comparing heat production with both pathways in operation and simultaneously in the pre-
sence of sodium fluoride (ref 13), that inhibits the Embden Meyerhof pathway, or sodium
azide and rotenone (ref 14), that inhibit the aerobic metabolism. This model was applied in
the clinical study of hyperthyroidism (ref 9).

Stimulation
Erythrocyte metabolism has been studied by microcalorimetry (ref 15) during stimulation
of the pentose phosphate pathway with methylene blue, maximal effect being obtained at

concentrations of 10”4

M. It is known that only minor quantities of substrate are metabolized
in the erythrocytes through the aerobic pathway, however, this metabolic pathway has been
considered to be of importance in some pathological conditions. A large increase of heat
production rate, 6-7 times, was cbserved in the celis stimulated as compared to the
corresponding values in unstimulated cells. In an application of this model to clinical

studies, we found increased stimulation values in erythrocytes from patients with renal
failure (ref 16) and normal values in patients with liver diseases (ref 17). These results

are in disagreement with previous reports suggesting that haemolytic anemia among these
patients is related to decreased activity of the pentose phosphate pathway.
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The heat of phagocytosis was studied by measuring heat production rate in granulocytes
exposed to immune complexes formed in vitro (ref 18-19). In an application of this model to
clinical studies, we found that the responsiveness of granulocytes from patients with acute
leukaemia to immune complexe stimulation was decreased in the acute stage of the disease
and during the first 6 months, whereas after 6 months of treatment the values returned to
normal {ref 20). However, the metabolic activity of unstimulated granulocytes was found to
be increased in patients with acute leukaemia (ref 21).

In a recent study we have studied the blood biocompatibility of artificial surfaces by
measuring the stimulation heat of granulocytes exposed to different polymer materials {see
later in the present article).

NON-HODGKIN LYMPHOMA

Non-Hodgkin lymphoma is a heterogenous group of tumors with variable degree of malig-
nancy and therefore great variation in the clinical course of the disease. A correct esti-
mation of the degree of malignancy in the single case is very important in order to
choose the best form of treatment. The usual way to make such an evaluation is by the
clinical appearance and by the morphology of the tumor cells. However, there is not a
complete agreement between such an estimation and the development of the disease in the
single cases. There is therefore need for other parameters to improve the estimation of the
degree of malignancy. Microcalorimetry was used to study the correlation between the
clinical course of the disease and overall metabolism of tumor cells and blood lymphocytes
(ref 22). In a group of 21 patients, the heat produced by tumor cells was significantly
higher, 5.5 pW/cell (mean value), in the sub-group with progressive disease, as compared to
the corresponding value, 3.1 pW/cell, in patients who responded to treatment. Even heat
production in blood lymphocytes was found to be higher in the first group. In a later work
(ref 23) including 36 patients, it was found that for 20 subjects with lymphoma of high grade
malignancy the median value of heat production rate in tumor cells was 3.9 pW/cell whereas
for 16 patients with low grade lymphoma the corresponding value
was 2.8 pW/cell. A high correlation was found between heat production and patient survival.
In comparison to the usual prognostic variables, such as patients age, clinical stage and
morphologic grade of malignancy, the calorimetric value was found to be a more reliable
prognostic parameter. In a recent work {ref 24}, heat production rate was measured in blood
lymphocytes from 76 non-Hodgkin lymphoma patients. Median survival was 39 months for
patients with normal calorimetric values and 8.5 months for patients with elevated heat
production (p<0.005). The prognostic significance of calorimetric values was found even in
this group of patients to be superior to the usual prognostic variables. In conclusion, the
results of these investigations in non-Hodgkin lymphoma show the clinical usefulness of
microcalorimetry in this disease, indicating an association between high heat producion rate
in tumor cells and blood lymphocytes, and a poor prognosis.
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ACROMEGALY

Acromegaly is a clinical condition characterized by an increase in size of hands, feet and
jaws and other less typical symptoms. The disease is due to an excess of growth hormone
caused by tumors of the hypophysis. The evaluation of activity degree of the disease is
important in order to decide if treatment, operation or irradiation of the hypophysis, has
been successful or further therapy is needed. In an attempt to develope a new parameter
for evaluation, until now unsatisfactory, of the degree of activity of the disease, we have
measured heat production rate in lymphocytes from 15 acromegaly patients. The calori-
metric values were found to be higher than normal (p <0.01) and significantly correlated to
the degree of activity of the disease from a clinical point of view (ref 25).

OBESITY

Most cases of obesity are due to excess of caloric intake but for a sub-group of patients
the cause of overweight is unclear. With the support of several experimental studies, the
hypothesis has been advanced that decreased cellular metabolic efficiency could play a role
in some cases of obesity. A microcalorimetric method has been developed (ref 5) to estimate
adipocyte overall metabolism. Adipocyte heat production rate was found to be lower
{(p<0.001) in obese than in lean subjects (ref 26), thus giving support to the hypothesis that
a decrease of cellular metabolism might contribute to development of obesity.

By several investigators the suggestion has been advanced that reduced activity of the
sodium-potassium pump might be the cause of decreased energy expenditure. We have
therefore evaluated in obese subjects the importance of the sodium-potassium pump by
quantifying calorimetrically the changes of overall erythrocyte metabolism induced by
specific inhibition of the sodium-potassium pump with ouabain (ref 10). No difference was
noted between the obese and the normal group. In neither group there was a correlation
between ouabain inhibitable rate of metabolism and body weight. Thus, the resuits of this
study do not give support to the hypothesis that the sodium-potassium pump is of importance
in the development of obesity. In order to further investigate the importance of ceil energy
balance in obesity, we have measured heat production rate in adipocytes from obese subjects
before and after weight reduction, accomplished by decreased caloric intake through gastro-
plasty (ref 27). The initial value of heat production was lower than normal, in agreement
with our previous study (ref 26). The corresponding value after weight reduction was
significantly higher than the first measurement before treatment. These results suggest that
the decreased heat production found in adipocytes from obese individuals is a phenomenon
secondary to overweight rather than a cause of obesity. However, this phenomenon might be
an important cause of accentuation of the obese state.

ANOREXIA NERVOSA
Anorexia nervosa is a psychiatric disorder characterized by severe preoccupation about
food of the patients who refuse to eat to the extent of reaching a state of extreme weight
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loss. The cause of the disease is unknown and the pathophysiological derangement of energy
balance is unclear. In order to reach a better understanding of this pathological condition,

we have studied skeletal muscle and platelet thermogenesis in a group of patients with
anorexia nervosa {ref 28). Muscie heat pl:oduction was found to be significantly decreased,
by 50 % compared to the corresponding value in healthy subjects. Although platelet heat
production was decreased {(p<0.02) to a lesser degree, it may be associated with
disturbances of cellular functions, such as aggregation and adhesivity, known to be energy
requiring processes; in fact, bleeding tendency has been observed occasionally in patients
with anorexia nervosa.

INFLUENCE OF BETA-ADRENOCEPTOR DRUGS ON SKELETAL MUSCLE METABOLISM

Beta-adrenoceptor blocking agents belong to a very important group of drugs in human
medicine, commonly used in several cardiovascular diseases. It is a well known clinical
observation that patients treated with these drugs may be affected by the undesirable side
effect of fatigue. Despite much research, the mechanism behind this symptom is still unclear.
We have investigated thermogenesis in human skeletal muscle by direct microcalorimetry in
order to find out whether beta-adrenergic drugs cause a decrease of cell metabolism leading
to decreased ATP production and therefore reduced muscle function. In the first investigation
(ref 29) we have measured heat production rate and muscle contractile performance before
and after random administration of three beta receptor antagonists with different
pharmacodynamic properties: propranolol, atenolol and pindolol. Our results suggest that a
selective beta-receptor drug like propranolol, but not the other two drugs, causes a decrease
of thermogenesis and muscular contraction. In a second work (ref 30) we could record
decreased skeletal muscle thermogenesis also after administration of a selective drug,
metoprolol, if the subjects were exposed to acute stress. The decrease of heat production
rate in these subjects, 0.3 mW/g muscle, was found to be of the same magnitude as the
decrease of body temperature calculated by means of a thermistor in an indwelling pulmonary
arterial catheter (ref 31).

UREMIA - HEMODIALYSIS

The pathogenesis of muscular dysfunction in uremia is unknown. Several authors have
suggested that carnitine deficiency might be the cause. We have evaluated muscle meta-
bolism by measurement of heat production in a group of 28 hemodialysis patients and related
the resuits to muscle function, thyroid hormones, lipoproteins and carnitine levels (ref 32).
Both muscle heat production and function were found to be reduced. However, there was no
indication that carnitine deficiency was the cause of it. In agreement with previous studies,
we found subnormal thyroid hormone levels, that correlated significantly with heat production
rate. Insufficient oxigenation of muscle tissue due to anemia might be of importance in the
development of decreased muscle metabolism/function in these patients. In fact, a positive
correlation was observed between hemoglobin concentration and muscle heat production (ref
33).
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PERIPHERAL ARTERIAL DISEASE

Arteriosclerosis leading to stenosis in the vessels of the lower limbs is a common dis-
ease. It is important to make in these patients a quantitative evaluation of the consequences
in the peripheral tissue of decreased oxigenation secondary to impairment of blood flow. This
is, however, not accomplished satisfactorily with conventional methods. We have therefore
used microcalorimetry to quantify the derangement of muscle metabolism in patients with
variable degree of peripheral arterial insufficiency (ref 34). Decreased heat production was
found in patients with severe arterial insufficiency. Moreover, a positive linear correlation

was noted between calorimetric values and leg blood flow.

DIABETIC CARDIOMYQPATHY

During many years cardiac involvement in patients with diabetes mellitus has been
thought to be due exclusively to coronary atherosclerosis, known to occur with higher
frequency in diabetic than in non-diabetic subjects. From medical reports in the last decade
there is increasing evidence that diabetic cardiomyopathy is not necessarily a consequence of
coronary disease. We have studied by microcalorimetry myocardial tissue metabolism in rats
with diabetes ({ref 35). Lower rates of heat production were found in comparison to the
corresponding values in healthy rats. Our observation gives support to the hypothesis that a
derangement of myocardial metabolism independent of coronary disease might occur in
diabetes mellitus.

TOXICOLOGY

By microcalorimetry we have evaluated the biocompatibility of polymer membranes used
in hemodialysis (ref 36). Granulocyte suspensions were enclosed in calorimeter ampoules
lined with polyetherpolycarbonate or cuprophan, whereas ethylene propylene was used as
reference material. Heat production was measured in resting cells and during stimulation of
phagocytosis by zymosan. The degree of phagocytic activation was found to be related to the
degree of biocompatibility, thus indicating that microcalorimetry offers a new tool for the
evaluation of biomaterials.

By microcalorimetry we have investigated the effects on cell matabalism of various
substances of interest in human medicine: caffeine (ref 37-38), other xanthine derivatives
and adenosin receptor agonists (ref 39), calcium antagonists {ref 40), gentamicin
(ref 41), cadmium and lead (ref 42).

THYROID DISORDERS
See Monti et al (ref 9).



59

REFERENCES

1

11

12

13
14

15
16

17

18

19

20

21

22

M. Monti and |. Wadsd, Microcalorimetric Measurement of Heat Production in Human
Erythrocytes, IIl. Influence of pH, Temperature, Glucose Concentration, and Storage
Conditions, Scand. J. Clin. Lab. Invest., 36 (1976) 565-572.

M. Monti and 1. Wadsé, Microcalorimetric Measurements of Heat Production in Human
Erythrocytes. IV. Comparison between Different Calorimetric Techniques, Suspension
Media and Preparation Methods, Scand. J. Clin. Lab. Invest., 36 (1976) 573-580.

J. Ikomi-Kumm, M. Monti and |. Wads6, Heat production in human lymphocytes, Scand.
J. Clin. Lab. Invest., 44 (1984) 745-752.

M. Monti and I. Wadsd, Microcalorimetric Studies of Human Platelet Metabolism at Rest.
Scand. J. Haematol., 19 (1977) 111-115.

M. Monti, P. Nilsson-Ehle, R. Sérbris and |. Wadsd, Microcalorimetric measurement of
heat production in isolated human adipocytes, Scand. J. Clin. Lab. Invest., 40 (1880)
581-587.

B. Fagher, M. Monti and I. Wads6, A microcalorimetric study of heat production in
resting skeletal muscle from human subjects, Clin. Sci., 70 (1986} 63-76.

U. Bandmann, M. Monti and |. Wadsé, Microcalorimetric Measurements of Heat Produc-
tion in Whole Blood and Blood Cells of Normal Persons. Scand. J. Clin. Lab. invest.,

35 (1975) 121-127.

M. Monti and |. Wadsd, Microcalorimetric Measurements of Heat Production in Human
Erythrocytes. |. Normal Subjects and Anemic Patients. Scand. J. Clin. Lab. Invest., 32
(1973) 47-54.

M. Monti, J. Ikomi-Kumm and S. Valdemarsson, Microcalorimetric studies of human blood
cells in thyroid disease, Thermochim. Acta, 172 (1990) 157-162.

M. Monti and J. Ikomi-Kumm, Erythrocyte Heat Production in Human Obesity: Micro-
calorimetric Investigation of Sodium-Potassium Pump and Cell Metabolism, Metabolism,
34 (2) (1985) 183-187.

B. Fagher, A. Sjogren and M. Monti, A microcalorimetric study of the sodium-potassium
pump and thermogenesis in human skeletal muscle. Acta Physiol. Scand., 131 (1987)
355-360.

M. Monti, P. Hedner, J. Ikomi-Kumm and S. Valdemarsson, Erythrocyte Thermogenesis
in Hyperthyroid Patients: Microcalorimetric Investigation of Sodium/Potassium Pump and
Cell Metabolism, Metabolism, 36 (2) (1987) 155-159.

M. Monti, P. Hedner, J. lkomi-Kumm and S. Valdemarsson, Erythrocyte metabolism in
Hyperthyroidism: A microcalorimetric study on changes in the Embden-Meyerhof and the
hexose monophosphate pathways, Acta Endocrinol. (Copenh.) 115 (1987) 87-90.

L. Nassberger, L. Truedsson and M. Monti, Microcalorimetric studies of hybridoma cells,
Biology of the Cell, 62 (1988) 33-37.

M. Monti and |I. Wadso, Microcalorimetric Measurements of Heat Production in Human
Erythrocytes. Heat Effect during Methylene Blue Stimulation, Scand. J. Clin. Lab.
Invest., 36 (1976) 431-436.

M. Monti, Microcalorimetric Measurements of Heat Production in Erythrocytes of Patients
with Chronic Uraemia. Scand. J. Hematol. 18 (1977) 154-162.

M. Monti, Microcalorimetric Measurements of Heat Production in Erythrocytes of Patients
with Liver Disease, Scand. J. Hematol. 19 (1977) 313-318.

M. Monti, R. Féldt, J. Ankerst and |. Wadsd, A new approach to detection of antigen-
antibody complexes by microcalorimetric measurements of heat production in blood cells,
J. Immunol. Meth., 37 (1980) 29-37.

R. Féldt, J. Ankerst, M. Monti and |. Wads6, Heat production in different populations of
human blood cells exposed to immune complexes in vitro: The importance of the Fc parts
of immunoglobulins and the influence of active complement, Immunology, 46 (1982)
189-198.

J. Ankerst, R. Faldt and M. Monti, Decreased responsiveness to immune complexes of
granulocytes from patients with acute leukemia in remission demonstrated by
microcalorimetry, Leukemia Research 8(6) (1984) 997-1002.

R. Féldt, J. Ankerst and M. Monti, Heat production rate in polymorphonuclear granulo-
cytes from patients with acute myelogenous leukaemia and healthy individuals, Br. J.
Haematol., 58 (1984) 671-678.

M. Monti, L. Brandt, J. lkomi-Kumm, H. Olsson and I. Wadsé, Metabolic Activity of
Lymphoma Cells and Clinical Course in Non-Hodgkin Lymphoma (NHL), Scand. J.
Haematol., 27 (1981) 305-310.



60

23

24

25

26

27
28
29

30

31

32

33

34

35

36

37

38

39

40
41
42

M. Monti, L. Brandt, J. lkomi-Kumm and H. Olsson, Microcalorimetric investigation of
cell metabolism in tumour cells from patients with non-Hodgkin lymphoma (NHL), Scand.
J. Haematol., 36 (1986) 353-357.

M. Monti, L. Brandt, J. lkomi-Kumm and H. Olsson, Heat production rate of blood
lymphocytes as a prognostic factor in non-Hodgkin lymphoma. Eur. J. Haematol.,
manus, submitted.

S. Valdemarsson, J. lkomi-Kumm and M. Monti, Cell metabolic activity in acromegaly: a
microcalorimetric study of lymphocyte metabolism., Acta Endocrinolog., (Copenh.)
122(4) (1990) 422-426.

R. Sdérbris, M. Monti, P. Nilsson-Ehle and |. Wadsd, Heat Production by Adipocytes From
Obese Subjects Before and After Weight Reduction, Metabolism, 31 (10} (1982)
973-978.

S.-A. Olsson, M. Monti, R, Sérbris and P. Nilsson-Ehle, Adipocyte heat production before
and after weight reduction by gastroplasty, Intern. J. Obesity, 10 (1986) 99-105.

B. Fagher, M. Monti and S. Theander, Microcalorimetric study of muscle and platelet
thermogenesis in anorexia nervosa and bulimia, Am. J. Clin. Nutr., 49 (1989) 476-481.
B. Fagher, H. Liedholm, M. Monti and U. Moritz, Thermogenesis in human skeletal
muscle as measured by direct microcalorimetry and muscle contractile performance
during beta-adrenoceptor blockade. Clin. Sci. 70 (1986) 435-441.

B. Fagher, M. Monti and T. Thulin, Selective Beta 1-Adrenoceptor Biockade and Muscle
Thermogenesis, Acta Med. Scand. 223 (1988) 139-145,

B. Fagher, J. Magnisson, M. Monti, T. Thulin and O. Werner, When asleep , one is
cooler on beta-blockade than on placebo, Acta Anaesthesiol. Scand., 32 (1988)
117-120.

B. Fagher, M. Monti, P. Nilsson-Ehle and H. Thysell, Reduced thermogenesis in muscle
and disturbed lipoprotein metabolism in relation to thyroid function in haemodialysis
patients, Scand. J. Clin. Lab. Invest., 47 (1987) 91-97.

B. Fagher, Microcalorimetric studies of resting skeletal muscle thermogenesis in human
subjects, Thesis, Lund, Sweden 1988.

B. Fagher and M. Monti, Microcalorimetric studies of skeletal muscle metabolism in
patients with ischemia in the lower extremities, in I. Okyayuz Baklouti and O. Hudlicka
{Eds.), Workshop: Muscle Ischemia: Functional and Metabolic Aspects, Wolf und Sohn,
Minchen, 1988, pp. 145-150.

M. Monti and J. lkomi-Kumm, Myocardial metabolic derangement in diabetic cardio-
myopathy? Microcalorimetric investigation of energy balance in myocardial tissue of
diabetic rats, XI th Congress of the European Society of Cardiology, Nice, France,
10-14 September 1989.

M. Monti, J. lkomi-Kumm, U. Lund and H. Thysell, Calorimetric evaluation of blood
compatibility of artificial surfaces and human granulocytes, Eight Annual Meeting of the
International Society of Blood Purification, Salsomaggiore, Italy, April 1990.

M. Monti, L. Edvinsson, E. Ranklev and R. Fletcher, Methyixanthines reduce in vitro
human overall platelet metabolism by microcalorimetry, Acta Med. Scand., 220 (1986)
185-188.

V. Ammaturo and M. Monti, Coffeine stimulates in vivo cell metabolism. Micro-
calorimetric measurements of heat production in human platelets, Acta Med. Scand.,
220 (1986) 181-184.

L. Edvinsson, J. Ikomi-Kumm and M. Monti, Microcalorimetric studies on the effect of
adenosine receptor agonists and xanthine derivatives on overall metabolism in human
piatelets, Br. J. Clin. Pharmacol., 22 (1986) 685-689.

L. Edvinsson, J. komi-Kumm and M. Monti, Effects of Calcium Entry Blockers on Human
Platelet Metabolism Measured by Microcalorimetry, Human Toxicol. 8 (1989) 131-133.
L. Nassberger and M. Monti, Effect of Gentamicin on Human Blood Cells Metabolism as
Measured by Microcalorimetry, Human Toxicol., 6 (1987) 223-226.

M. Monti and L. N&ssberger, Influence of cadmium and lead on human blood cells
metabolism as measured by microcalorimetry, International Symposium on Metabolism
of Minerals and Trace Elements in Human Diseases, New Delhi, India, Sept. 1987.



