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Abstract 

The basal heat production rate P of human erythrocytes incubated in stirred buffer 
suspensions at pH 7.4 and 37.00fO.Ol”C was found to be 95.8+ 2.5 mW I-’ (of packed 
erythrocytes). A lower P value of 86.5 f 1.9 mW I-’ was observed under static conditions. 
Within experimental errors, the measured P values could be accounted for by the heat 
production of chemical reactions related to the catabolic metabolism of exogenous glucose 
via the hexose monophosphate shunt and the glycolytic pathway. The increase in P value 
with pH was found to be 139_+4 mW 1-l per pH unit in the pH range 7.1-7.5, correspond- 
ing to a relative variation of 139% per pH unit. A decrease in heat production rate with cell 
concentration was also observed (- 0.56kO.14 mW 1-l per vol.% of erythrocytes). 

INTRODUCTION 

Mature erythrocytes are relatively simple, non-growing cells without 
nuclei or mitochondria. Because they lack respiratory capacity, their main- 
tenance energy and reducing equivalents are derived from glucose via the 
hexose monophosphate shunt (HMPS) and the glycolytic pathway [l]. 
Human erythrocytes were among the first mammalian cells to be studied by 
microcalorimetry. The pioneering study of Levin and Boyo in 1971 [2] has 
been followed by a large number of microcalorimetric investigations on 
erythrocytes; some of these studies have focused on the potential clinical 
applications of the method in diagnosing such diseases as anemia and 
hyperthyroidism [2-61 and others have concentrated on methodological 
issues [3,7-91. Because the molecular basis of erythrocyte heat production 
still remains largely unknown, the findings of most calorimetric studies 
have been interpreted on a phenomenological level using the calorimetri- 
cally determined heat production rate (P = dQ/dt) as a general measure 
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of metabolic activity. Several workers have attempted to relate calorimetric 
data to results from conventional metabolic investigations [6,10-131, al- 
though none has been able to account quantitatively for the measured heat 
production in terms of metabolic reactions. 

The purpose of the present investigation was to obtain better knowledge 
of the main heat-producing processes in human erythrocytes, thus facilitat- 
ing more detailed interpretations of calorimetric results. Calorimetry re- 
sults have therefore been related to the metabolism of exogenous glucose 
using enthalpy values calculated from literature data. During measure- 
ments, erythrocytes were incubated in stirred homogeneous buffer suspen- 
sion. The effect of such experimental variables as pH, cell concentration 
and stirring has also been determined. 

EXPERIMENTAL 

Preparation of erythrocytes 

Venous blood was collected from healthy male donors in 10 ml hep- 
arinized tubes (VacutainerTM, Becton-Dickinson, France). Leukocytes and 
platelets were removed by passing the blood through a column containing a 
1: 1 mixture of microcrystalline cellulose (Sigmacell) and a-cellulose (Sigma 
Chemical Company, St. Louis, MO, USA), essentially as described by 
Beutler et al. [14]. The erythrocytes were eluted with approximately two 
volumes of cholin-Ringer buffer (cholin chloride 146 mM, MgCl, 1 mM, 
CaCl, 1 mM, NaCl 5 mM, orthophosphoric acid 2.5 mM, pH 7.4), washed 
by repeated centrifugations (5 min at 1000 g) and resuspended in Hank’s 
balanced salt solution (Hank’s BSS) containing 5.5 mmol 1-l glucose. The 
suspensions were buffered with 20 mmol 1-l HEPES (sodium bicarbonate 
was excluded from the media). Erythrocyte preparations were made at 
ambient temperature (22-24°C) and measurements were started within 2 h 
of the blood sample being collected. 

Calorimetry 

The heat production rate was measured using a 4-channel heat conduc- 
tion calorimeter (Thermal Activity Monitor, Thermometric AB, Jarfalla, 
Sweden), equipped with titration/perfusion vessels [15,16]. In each vessel, 
samples of 2.7 ml of erythrocytes were kept in homogeneous suspension by 
means of a ‘turbine’ stirrer [17] operating at a rate of 90 rev min-‘. A gas 
phase of 0.7 ml (air) was present above the cell suspension. All calorimetric 
measurements were made at 37.00 + O.Ol”C. Initial values of pH and cell 
concentration were adjusted to pH 7.4 and a hematocrit value (vol.% of 
erythrocytes) of 20%, respectively, if not otherwise stated. The total heat 
production rate was determined together with pH and cell concentration 
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values after an incubation period of 1.5 h, at a point when calorimetric 
measurements were terminated. The pH was measured with a Radiometer 
G297/62 capillary electrode (Radiometer, Copenhagen, Denmark) and cell 
concentrations were determined in duplicate using a microhematocrit cen- 
trifuge (Hettich, Germany). Instrument baseline values were obtained 
between each measurement with 2.7 ml water in the vessel. The instrument 
was calibrated by means of an insertion heater [18]. 

The effect of medium pH on the heat production rate of erythrocytes 
was determined in the pH range 7.1-7.5. Experiments consisted of four 
parallel measurements with a different pH value in each of the four 
erythrocyte suspensions. The effect of variation in the cell concentration 
was determined in an analogous manner for a hematocrit range of 5%-45%. 

Results obtained with the stirred vessel were also compared with results 
obtained in parallel experiments using a 3 ml static vessel [15] of a type 
frequently used in earlier measurements [4 5 7 8 19,201. In measurements 7 , > 3 
with the static vessel, the pH was determined in the erythrocyte sediment 
layer. 

Metabolic analyses 

The contribution of glucose metabolism to the measured heat produc- 
tion rate was assessed in a series of experiments where changes in the 
levels of CO,, glucose, lactate and pyruvate were determined in experi- 
ments paralleling the calorimetric measurements. Samples for metabolite 
analysis were taken at regular intervals during 3 h from erythrocyte 
suspensions incubated at 37.0 + O.l”C in a shaking water bath. 

The oxidation of glucose was followed by the production of 14C0, from 
D-(U - r4C) glucose (Amersham International, Amersham, UK). Erythro- 
cytes were incubated in the presence of 30 MBq I-’ D-(U - 14C) glucose in 
sealed 50-ml Erlenmeyer flasks, each containing 5 ml of cell suspension. 
The carbon dioxide was adsorbed in a plastic cup containing a filter paper 
soaked in 250 ml of Hyamine hydroxide (Packard, Downers Grove, IL, 
USA). The cup was attached to a gas-tight rubber stopper. The incubation 
was terminated at regular intervals by the injection of 2 ml of 15% 
H,SO,(aq) (w/w> into one of the flasks. After an additional incubation 
period of 2 h, the flask was removed from the water bath and the plastic 
cup transferred to a scintillation vial and analyzed for carbon-14 activity 
using a 1211 Rackbeta Scintillation counter (LKB Wallac, Bromma, Swe- 
den). 

Samples for analysis of condensed metabolites were incubated in dispos- 
able cell culture tubes. The incubation was stopped at regular intervals by 
transferring the test tube from the water bath to a container of dry ice. The 
frozen samples were stored at -20°C overnight, thawed in an ultrasonica- 
tor and deproteinized by ultrafiltration (CentrifreetM, Amicon Corp., USA). 
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The filtrates were analyzed for glucose, lactate and pyruvate using an 
isocratic HPLC-system equipped with refractometer detector (LKB 2142, 
Bromma, Sweden). Metabolites were separated at 45°C on an Aminex 
HPX-87H column (BioRad, Richmond, CA, USA) using 6.5 mmol 1-l 
H,SO,(aq) (flow rate = 0.6 ml min-‘1 as mobile phase. 

Data processing and presentation 

Results from different experiments shown in Figs. 1 and 2 were normal- 
ized, the factor used being the quotient of the y estimate (at X) calculated 
for the single experiment, divided by the y estimate (at X> calculated for all 
values; y estimates were obtained by linear regression analysis based on a 
least-squares method. All errors are given as + the standard error of the 
mean (S.E.M. = s/ 6). Heat production rates P are presented in units of 
mW per liter of packed erythrocytes (mW 1-l). Metabolic changes are 
presented in units of 10e6 mol per second and liter of packed erythrocytes 
(pm01 s-l 1-l). Cell concentration (hematocrit) values are presented as 
vol.% of packed erythrocytes. 

RESULTS 

Variation in heat production rate with pH and cell concentration 

In Fig. 1, normalized P values (in mW 1-l (of packed erythrocytes) 
from six consecutive experiments are plotted against the medium pH. P 
values were obtained using the stirred vessels. The average slope was 
139 k 4 mW l- ’ per pH unit, as calculated by means of linear regression 
analysis. The following equation was derived to correct P values for 
variations in pH 

P’ = P + 139(7.4 - pH) (1) 
where P’ is the P value as the ‘standard’ pH of 7.4. Using the evaluation 

1 I I 4 I 

71 7.3 7.5 

PH 

Fig. 1. Variation in heat production rate with medium pH. P values were normalized as 
described in the text. 
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Fig. 2. Variation in heat production rate with cell concentration (in % (v/v)>. P values were 
normalized and corrected to pH 7.4 as described in the text. 

method adopted by Monti and Wadsii (based on a plot of the relative heat 
production rate (P, = lOOP/P’) versus pH) [7], the P value was found to 
vary by 139% per pH unit. The average hematocrit value was 20.0 + 0.2%. 

Figure 2 shows a plot of normalized P’ values (corrected to pH 7.4 using 
eqn. (1)) versus cell concentration. Values were obtained with stirred 
vessels in 8 consecutive experiments. The P’ values varied by an average of 
-0.56 + 0.14 mW 1-l per hematocrit unit, as calculated by linear regres- 
sion analysis. The following equation was derived to correct P values for 
variations in cell concentration 

P” = P - 0.56(20 - C) (2) 

where P” is the P at the ‘standard’ hematocrit value of 20% and C is the 
experimental hematocrit value. 

Equations (1) and (2) were combined (eqn. (3)) and used to correct all 
the subsequent P values for variations in pH and cell concentration 

P- = P + 139(7.40 - pH) - 0.56(20 - C) (3) 

where P* denotes the P at the ‘standard’ values (pH 7.4 and hematocrit 
20%). The effects of pH and cell concentration on the measured P value 
were assumed to be independent of each other. 

Differences between values obtained with static and stirred methods 

Table 1 shows results from six experiments where Pe values obtained 
with static and stirred vessels are compared, from which it can be seen that 
significantly higher Pe values were obtained with the stirred vessel. 
Typical calorimetric records from experiments with stirred and static ves- 
sels are shown in Figs. 3A and 3B, respectively. Stirred and static vessels 
were inserted in the calorimeter (as indicated by the arrows), reaching 
measuring position after equilibration periods of 40 and 20 min, respec- 
tively. A slow decrease in heat production rate with time (4.1 f 1.4% h-‘1 
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TABLE 1 

Comparison of heat production rates obtained with static vs. stirred vessels a 

Hematocrit Static vessel Stirred vessel Difference b 
(o/o> PH P% PH P+ (%I 

(mW 1-l) (mW 1-l) 

19.7 7.356 81.0 7.358 86.4 6.6 
19.0 7.416 84.7 7.416 91.8 8.3 
18.0 7.380 83.6 7.380 95.7 14.5 
18.3 7.347 86.9 7.339 100.5 15.6 
17.8 7.356 89.3 7.353 97.9 9.7 
18.3 7.385 93.7 7.379 102.6 9.5 

Mean 18.5 7.373 86.5 * 1.9 7.371 95.8Ifr2.5 10.7 * 1.5 

a All P* values are corrected as described in the text. Errors are given as kS.E.M. 
h The difference is calculated as 100 ((P5g /P&- 1). 

was observed in all cases, irrespective of the measuring method used. 
During measurements, the medium pH decreased with an average value of 
0.042 fi 0.005 units per h as a result of cellular metabolism. Using eqn. (11, 
the observed value for pH reduction can be estimated to result in a 
reduction in heat production rate of 6.2 + 0.8% h-’ (errors are given at a 
confidence level of 0.95). 

Changes in metabolite levels 

Results from metabolite analyses are shown in Table 2 (in pmol s-l 1-l). 
Within experimental errors, all of the consumed glucose carbon could 

_ A 
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Fig. 3. Calorimetric records of heat production rate vs. time obtained with a stirred vessel 
(curve A) and with a static vessel (curve B), each containing 2.7 ml of a 20% (v/v) 
erythrocyte suspension at pH 7.4. Stirred and static vessels were inserted in the calorimeter 
as indicated by the arrows, reaching measuring position after equilibration periods of 40 and 
20 min, respectively. 
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TABLE 2 

Results of metabolite analysis of erythrocytes incubated in suspension 

Glucose 

co2 
Lactate 

Pyruvate 

Metabolite changes 

(nmol 1-r s-r) a 

- 404 f 71(5) 

+24* 4(6) 
+ 804 + 48 (6) 

+41* 7(5) 

(%) b 

- 

1.0* 0.2 
99 512 

5.1* 1.1 

a Accumulation is indicated by a (+ ) sign, consumption by a (- ) sign. Errors are given as 
+ S.E.M. Numbers within brackets indicate number of determinations. 

b Values indicate the percentage of glucose carbon retrieved in the compound. 

be retrieved in CO, (1.0 f 0.2%), lactate (99 f 12%) and pyruvate 
(5.1 f 1.1%). No significant change in the concentration of inorganic phos- 
phate was observed (not shown). 

Thermochemical calculations 

The heat production rate Pea, of stirred erythrocyte suspensions was 
found to be 92.6 f 2.7 mW 1-l at a pH value of 7.37 + 0.02 and a 
hematocrit value of 18.5 f 0.3% (Table 4). Using eqn. (31, PC2 was calcu- 
lated as 95.8 & 2.5 mW 1-l. The theoretical P values for metabolism of 

TABLE 3 

Metabolic reactions and the corresponding enthalpy changes a 

Reaction A,H, 
(kJ mol-‘1 

(a) C,H,,O,(aq) + 60,(g) + 6B(aq) 
+ 6HCO; (aq) + 6B-HC (aq) 

(b) C,H,,O&aq)+2B(aq) 
-+ 2CH,CH(OH)COO-(aq)+2B-H+(aq) 

(c) C,H ,,O,(aq) + O,(g) + ZB(aq) 
-+ 2CH,COCOO-(aq)+2H,O(aq)+ 2B-H+(aq) 

- 3044 

- 161 

- 552 

a The A,H, values in this table refer to 298.15 K and the molecular species stated. The 
experimental processes are not quite identical to those used to obtain the values in the 
table with respect to temperature (measurements were performed at 310.15 K) and 
molecular species (acid-base equilibria), but the combined effects of these differences on 
the calculated A,H,,, values are not significant in the present context. Enthalpy values 
used in the calculations are obtained from Wilhoit (ref. 21). The protonation enthalpy is 
assumed to be - 26 kJ mol-‘, because the distribution of H+ between the extra-cellular 
buffer HEPES cA,H, = -21.7 kJ mol-’ [22] and the intra-cellular buffer (presumably 
histidine groups [23] with a A,H,,, of -30 kJ mol-’ [24,25] is unknown. 
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TABLE 4 

Measured and calculated heat production rates a 

P cd P_ cal P, Pi? PC ~(p,,,-(0) WL,) 

92.6 95.8 12.2 64.9 11.3 89.1 92.2 
k2.7 f2.5 k2.0 * 3.9 k2.0 f5.6 k5.3 

a Values are calculated as described in the text. Errors are given as 5S.E.M. 

exogenous D-glucose via reactions (a)-(c) (Table 3) were calculated accord- 
ing to 

where U, is the reaction rate obtained from the rate of end-product 
accumulation (Table 2) and A,H,,, is the corresponding enthalpy change 
(i = (a), (b) or (c)j. The reactions postulated in Table 3 are based on the 
assumption that 0, is the ultimate electron acceptor in all redox processes 
(see discussion). Results show that the heat production rates calculated 
from the breakdown of glucose to CO,, lactate and pyruvate (Pcaj_ccj in 
Table 4), account for 13%, 70% and 12%, respectively, of Pea,. Within 
experimental errors, the sum of the calculated P values C(P,,,_,,,) is 
identical to Pea,. The ‘standard’ value of C( Pt.+& (C(P&,,)) was calcu- 
lated using eqn. (3). 

DISCUSSION 

The observed relative variation in heat production rate with medium pH 
(139% per pH unit) is in fair agreement with the value observed by Monti 
and Wadso (120% per pH unit) for erythrocytes suspended in autologous 
plasma under static conditions [7]. Because the HMPS is barely affected by 
pH in this range [l], most of the pH dependency can thus be related to the 
glycolytic pathway, especially the phosphofructokinase reaction [26]. In the 
present experiments, 82% of the P value could be related to glycolytic 
processes (Table 4), and the pH dependency of the glycolytic pathway can 
thus be calculated as 139%/0.82 = 169% per pH unit. This value is close to 
the relative variation in erythrocyte glucose consumption rate observed by 
Murphy (160%) [l] in the pH range 7.1-7.8. ‘The division of erythrocyte 
heat production into a pH-dependent and a non-pH-dependent part makes 
comparison between pH effects on the P value measured under different 
conditions difficult. For example, the relative variation in P with pH is 
only 40% per pH unit when erythrocytes are incubated in the presence of 
methylene blue which activates the HMPS [19]. The observed decrease in 
medium pH due to cellular metabolism explains the reduction in heat 
production rate during the calorimetric measurements (Fig. 3). 
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The variation in P’ values with cell concentration is relatively small 
(0.56% per hematocrit unit) and the possibility that it is an artifact can not 
be excluded. The P’ values shown in Fig. 2 are corrected for variations in 
medium pH but not for variations in other experimental variables, e.g. 
metabolite concentrations, which might be expected to change with the 
metabolic activity of the system. Oxygen limitations at higher cell concen- 
trations have, for example, resulted in similar ‘crowding’ effects observed 
for human lymphocytes [27]. The presently observed ‘crowding’ effect 
might also explain the difference in Pe value between static and stirred 
vessels (Table 1). The observed reduction in the Pe value for the static 
vessel corresponds to a hematocrit difference of 17%, a difference which 
might very well be explained by sedimentation in the static vessel. 

Results from metabolite analyses indicated that all of the glucose carbon 
could be retrieved in CO,, lactate and pyruvate (Table 21, a finding 
consistent with the proposed pathways for glucose metabolism in these 
cells [l]. The accumulation of CO, suggests that approximately 6% of the 
glucose carbon passes through the HMPS, which is in fair agreement with 
an earlier observed value of 10% [l]. The production of pyruvate indicates 
a demand for NADH formed in the phosphoglyceraldehyde dehydrogenase 
reaction, probably for the purpose of methemoglobin reduction [28]. 

Basal heat production rates in the range of 75-108 mW 1-l have been 
observed from human erythrocytes incubated under static conditions (at 
pH 7.4 and a hematocrit value of 40%) [4,8,11,19,20,29]. The observed 
variation between basal P values obtained from different sources might be 
expected to be a result of differences in preparation methods, suspension 
media, protonation enthalpies, etc. [7,8,10]. The P values observed here 
(Tables 1 and 4) are thus in agreement with the published data. The 
calculation of theoretical heat production values in Table 4 assumes that 
cells are kept under ‘steady-state’ conditions during the measurements, i.e. 
under conditions where no net changes in cellular biomass occur. The 
ultimate electron acceptor in reactions (a) and (c) is therefore assumed to 
be oxygen (Table 3) rather than the NADPH or NADH formed directly in 
these reactions. In the same manner, ATP formation in the glycolytic 
reactions ((b) and (c) in Table 3) is assumed to be balanced by the demand 
for ATP in such processes as maintaining the electrochemical potential 
over the cell membrane. The calculated heat production rates of glycolytic 
reactions (Pcbj and Pee, in Table 4) account for 82% of Pea,, while the 
contribution of the HMPS <Pea, in Table 4) was estimated as 13% of Pea,. 
The good agreement between the sum of the calculated P values C(Pcaj_& 
and Pea, indicates that erythrocyte heat production under these conditions 
is a result of the catabolic metabolism of exogenous glucose via the HMPS 
and the glycolytic pathway. The amount of heat per mole of consumed 
glucose was calculated as 230 + 13 kJ mol-’ from the values given in 
Tables 2 and 4. Because corresponding values calculated from primary 
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results in earlier studies are similar (205 f 26 kJ mol-’ [8], 256 kJ mol-’ 
[lo] and 216 kJ mall’ [3]), it is likely that in these studies also the observed 
heat production rate may have been due to glucose metabolism. 

Significant heat production rates (B-60 mW 1-l) have also been re- 
ported for glucose-depleted erythrocytes [10,12,13]. This heat production 
might be partly explained by net oxidation of the cellular constituents as 
the regeneration of NADPH and NADH is terminated. An estimate of the 
auto-oxidation rate might be obtained from the oxygen consumption in 
reactions (a) and (c) (Table 31, which can be calculated as 45 nmol s-l 1-l 
using the data in Table 2. The molar enthalpy change of oxygen-consuming 
processes is relatively constant, with an average value of 450 kJ mall ’ of 
oxygen [30]. Using this value, the expected heat production rate due to net 
oxidation of biomass during glucose-depleted conditions can be estimated 
to 20 mW 1-r. 
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