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Abstract 
Lactate is an anaerobic metabolite produced in the absence of an adequate O2 supply. Although for 
a long time considered to be a waste product of glycolysis resulting from hypoxia, lactate is, in fact, 
an important source of glucose and also a gluconeogenic precursor, having a role in metabolic and 
endocrine signaling. Lactate is produced by adipocytes and muscle cells. Objectives: In this study, 
we investigated the sex differences in lactate production by adipocytes isolated from lean human 
visceral adipose tissue. Main Methods: The experiments described were done using adipocytes 
isolated from adipose tissue of lean men and women. Adipocytes were isolated following Rod-
bell procedure, with modifications, for posterior analysis of glycerol and lactate production. 
Results: Morphometric analysis revealed no significant differences in the size of adipocytes 
from men and women (diameter: men: 172 ± 24 μm vs. women: 160 ± 16 μm, n = 4 and 10, re-
spectively). Basal glycerol production was significantly higher in adipocytes from men compared 
to women (0.34 ± 0.06 vs. 0.16 ± 0.01 μmol/106 cells/60 min; mean ± SEM, n = 7 and 4, respec-
tively; p < 0.05), but there was no significant difference in basal lactate production (men: 0.1 ± 
0.01 μmol/10 cells/60 min vs. women: 0.12 ± 0.02 μmol/10 cells/60 min). However, when 
stimulated by norepinephrine, adipocytes from women produced more lactate than adipocytes 
from men. Female adipocytes also produced as much lactate as glycerol, whereas male adipocytes 
produced three times more glycerol than lactate. The intracellular mechanisms responsible for 
this sex difference in lactate production during norepinephrine-stimulated lipolysis remain to be 
identified. 
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1. Introduction 
Lipolysis in white adipose cells is mainly under adrenergic control, and the effects of catecholamines are medi- 
ated by four G-protein-coupled adrenergic receptor (AR) subtypes. The β-adrenergic receptors (β1, β2 and β3) 
stimulate lipolysis by increasing the formation of cyclic AMP (cAMP), which leads to the stimulation of protein 
kinase A (PKA) and the phosphorylation of hormone-sensitive lipase (HSL) and perilipin protein. In contrast, 
the α2-adrenergic subtype inhibits lipolysis by decreasing cAMP formation. Thus, the net effect of catechola- 
mines on adipose tissue depends on the functional balance between β- and α2-adrenergic-mediated signal trans- 
duction [1].  

The physiological importance of β- and α2-adrenoceptors in animals and humans varies with species, sex, age, 
anatomical location of the fat deposits, and the degree of obesity [2]. Alpha1-adrenergic receptors are also pre-
sent in rat white adipose cells at a concentration ranging from 9 - 12 fmol/mg protein [3] to 34 fmol/mg protein 
[4]. These receptors are not involved in lipolysis, but they mediate the stimulation of glucose uptake and lactate 
production in rat white adipocytes [5] [6]. Similar findings have been reported for humans, where the stimula-
tion of α1-adrenoreceptors by phenylephrine in abdominal adipose tissue leads to an increase in glucose uptake 
and lactate production [7]. As norepinephrine is a full α1/α2- and β-adrenergic agonist, this means that free fatty 
acids, glycerol and lactate are produced during lipolysis.  

Marked differences in the amount and distribution of body fat between men and women provide clear evi- 
dence of sex-related differences in the whole body lipid metabolism [8]-[10]. In women, a greater amount of fat 
is stored in the lower body regions, whereas in men most fat is stored in the upper body. Women store greater 
amounts of fat subcutaneously, whereas fat storage in men occurs around the organs in the abdominal cavity [10] 
[11]. Variations in the lipolytic activity are also sex-dependent [7]. However, sex differences in lactate produc-
tion by adipocytes have not been studied yet. The aim of this study was to compare the basal and norepinephrine 
stimulated lactate production by adipocytes isolated from lean men and women.  

2. Methodology 
2.1. Subjects 
The experiments described here were done using adipocytes isolated from adipose tissue of lean men and 
women who were closely matched for age (46 ± 4.5 and 49 ± 6.1 years old, respectively) and body mass index 
(21.7 ± 0.61 and 22.1 ± 1.1, respectively). This study was approved by the Ethics Committee of the School of 
Medical Sciences, at UNICAMP (Protocol number 097/2003).  

2.2. Adipocyte Isolation, Counting and Morphometric Cell Measurements  
Visceral adipose tissue was collected during gastric surgery, and the adipocytes were isolated from visceral fat 
pads as described by [12], but with slight modifications. Three grams of adipose tissue were weighed, minced 
and digested in 50 mL polyethylene vials containing 10 mL of Krebs-Ringer bicarbonate buffer, 25 mM HEPES, 
6 mM glucose pH 7.4 (KRB buffer) with 1 mg of collagenase/mL (type 2, Clostridium histoliticum), 1% bovine 
serum albumin (BSA, fraction 5, fatty acid-free) and 200 nM adenosine. The vials were incubated at 37˚C with 
shaking (60 cycles/min) for 45 min. The resulting cell suspension was filtered through a nylon mesh and washed 
three times with 5 mL of fresh KRB buffer containing 4% BSA (KRBA). After isolation, a 100 μL aliquot of 
cell suspension was diluted in 900 μL of KRBA, and 10 μL of the diluted suspension was transferred to a Mal-
lassez chamber to count the number of adipocytes. The assays described below were done using 50,000 or 
100,000 cells/μL, and all of the results were expressed per million cells [13]. Morphometric analysis was con-
ducted as described by [14]. Briefly, a 10 μL aliquot of cell suspension (approximately 105 cells/mL) was placed 
in a Mallassez chamber for light microscopy and image analysis. Adipocyte size (diameter) was analyzed with 
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Image Pro Plus software v 3.0 (Media Cybernetics, Silver Spring, MD). For each slide, four images were cap-
tured and all of the cells present in the field were analyzed. The results were expressed as the mean ± SEM 
(μm). 

2.3. Adipocyte Incubation  
Aliquots of adipocyte suspension were pipetted into polyethylene vials containing fresh buffer and different 
concentrations of norepinephrine (from 0.001 μM to 1 μM) in a final volume of 1 mL, followed by incubation at 
37˚C with shaking (60 cycles/min) for 60 min. At the end of the incubation, the vials were placed in melting ice, 
and the adipocytes were removed from the vials by aspiration. Basal lipolysis was determined in adipocytes in-
cubated without norepinephrine. 

2.4. Glycerol Determination 
Glycerol production was measured using coupled enzyme reactions catalyzed by glycerol kinase, glycerol 
phosphate oxidase and peroxidase. Glycerol was phosphorylated by adenosine triphosphate (ATP) to produce 
glycerol-1-phosphate and ADP in a reaction catalyzed by glycerol kinase. Glycerol-1-phosphate was then oxi-
dized by glycerol phosphate oxidase to dihydroxyacetone phosphate and hydrogen peroxide. A quinoneimine 
dye was produced by the peroxidase-catalyzed coupling of 4-amonoantipyrine (4-AAP) and sodium N-ethyl-N- 
(3-sulfopropyl)-m-anisidine (ESPA) with hydrogen peroxide, which shows an absorbance maximum at 540 nm 
[15]. All quantifications were done using commercial kits from Laborlab® (São Paulo, SP, Brazil). 

2.5. Lactate Determination 
Lactate was quantified in a reaction catalyzed by lactate oxidase that yielded pyruvate and hydrogen peroxide 
(H2O2). In the presence of H2O2, peroxidase catalyzed the oxidative condensation of chromogen precursors to 
produce a dye with an absorbance maximum at 540 nm [15]. All quantifications were done using commercial 
kits from Trinity® (Wicklow, Ireland).  

2.6. Statistical Analysis  
The results are presented as the mean ± SEM. Statistical comparisons were done using Student’s t-test with p < 
0.05, considered significant. All curve fitting and statistical analyses were done using Prism software (GraphPad 
Inc., La Jolla, CA).  

3. Results  
We have previously shown that there is no sex difference in the fasting plasma glucose (men: 5.1 ± 0.2 mmol/L 
vs. women: 4.7 ± 0.1 mmol/L; mean ± SEM; n = 3), insulin (men: 10 ± 1 μU/mL vs. women: 10 ± 1 μU/mL, n = 
3) and lactate (men: 1154 ± 113 μM vs. women: 912 ± 305 μM, n = 3) concentrations, or in the insulin sensitiv-
ity HOMA index, i.e., ([glucose] × [insulin])/22.5 (men: 2.29 ± 0.14 vs. women: 2.34 ± 0.19, n = 3) [16].  

The values of the morphometric analysis from isolated adipocytes of eutrophic men and women were not differ-
ent between genders sexes, men: 172 ± 24 μm vs. women: 160 ± 16 μm, n = 4 and 10, respectively (Figure 1). 
 

 
Figure 1. Morphometric values for isolated adipocytes of lean 
men (n = 4) and women (n = 10).                         
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The lipolytic response of white adipocytes stimulated with norepinephrine was minor in women than in men 
(Figure 2(a)), and the area under the curve (AUC) of the lipolytic response to norepinephrine was significantly 
lower in women than in men (Figure 2(b)). In contrast, lactate production was slightly higher in adipocytes 
from women than from men (Figure 2(c)). Although there were no marked differences between the sexes at any 
given concentration of norepinephrine, the AUC for lactate production was but significantly higher in than in 
men (Figure 2(d)).  

During lipolysis, adipocytes from men produced more glycerol per molecule than did the adipocytes from 
women did, and. This was reflected in the glycerol/lactate ratio, which was ~1 in women and close to 3 in adi-
pose cells from men (Figures 2(e) and (f)). These ratios were constant in both groups, regardless of the norepi-
nephrine concentration.  

4. Discussion 
The stimulation of adipocytes by norepinephrine results in simultaneous lipolysis and lactate production. As 
shown here, adipocytes from women produced more lactate than the adipocytes from men (Figure 2(d)). Female  
 

     
(a)                                                       (b) 

    
(c)                                                     (d) 

       
(e)                                                  (f) 

Figure 2. Glycerol and lactate production by adipocytes from men and women stimulated or not with norepinephrine. 
(a) Glycerol production by adipocytes men and women. (b) Area under curve for glycerol production by adipocytes 
from men and women. (c) Lactate production by adipocytes from men and women. (d) Area under curve for lactate 
production by adipocytes from men and women. (e) Glycerol/Lactate production ratio by adipocytes from men and 
women. (f) Area under curve for glycerol/lactate production ratio by men and women adipocytes.                  
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adipocytes also produced as much lactate as glycerol, whereas male adipocytes produced three times more glyc-
erol than lactate (Figures 2(e), (f)). Most of the difference observed between men and women was related to the 
decreased lipolytic response in female adipocytes (Figure 2(a)). Such a sex difference has already been ob-
served in visceral fat lipolysis and metabolic complications associated with obesity [1]. We observed greater 
glycerol production in adipocytes from men compared to women, a finding in agreement with previous reports 
[17] [18]. Lönnqvist et al. [1], for instance, found no sex-related differences in the lipolytic sensitivity of male 
and female adipocytes to α1- or α2-adrenoceptor agonists or in the antilipolytic effect of insulin. However, nev-
ertheless, the α3-adrenoceptor lipolytic sensitivity was 12 times higher and the α2-adrenoceptor antilipolytic sen-
sitivity was 17 times lower in adipocytes from men compared to women. Lipolysis induced by agents acting on 
adenylate cyclase and PKA was almost two-fold greater in adipocytes from men compared to women, even 
though there existed no difference in the maximum hormone-sensitive lipase activity. Lönnqvist et al. [1] con-
cluded that sex-related differences in lipolysis were not only partly attributable to a greater fat cell volume in 
men, but also to a decrease in α2-adrenoceptor activity, an increase in α3-adrenoceptor activity and a greater abil-
ity of cAMP to activate hormone-sensitive lipase. 

Lactate has also recently been shown to mediate the inhibition of lipolysis by GPR81 [19]. Although the dif-
ference in lactate production by adipocytes from men and women were significantly higher, it may nevertheless 
be enough to significantly inhibit lipolysis in female adipocytes. It is still unclear whether the expression of 
GPR81 is significantly different in adipose cells of men and women. 

Sargent et al. [20] reported that the plasma lactate concentration was significantly lower in women than in 
men during incremental cycle ergometer exercise at all relative intensities between 30% and 100% of the oxy-
gen consumption peak. Plasma lactate reaches higher concentrations in men than in women during exercise [21]. 
Although the basis for this difference is unknown, our results suggest that it is unrelated to the glycerol/lactate 
ratio in male and female adipocytes during lipolysis.  

The simultaneous production of glycerol and lactate, observed here in response to norepinephrine, indicates 
that the adipocyte α1-adrenoreceptors are fully functional. These receptors are not involved in lipolysis, yet they 
stimulate glucose uptake and lactate production by adipocytes [6] [13], indicating that there is a specific receptor 
associated with lactate production in these cells. 

Lactate is an anaerobic metabolite produced in the absence of an adequate O2 supply. Although for a long 
time considered to be a waste product of glycolysis resulting from hypoxia [22], lactate is, in fact, an important 
source of glucose and also a gluconeogenic precursor [23] with a role in metabolic and endocrine signaling. In-
deed, the infusion of exogenous lactate effectively attenuates the sympathetic response to exercise [24]. In reti-
nal vasculature, lactate has a dual vasoactive action by affecting the contractility of pericytes [25]. Despite these 
known functions, the physiological relevance of lactate production by adipocytes remains still unclear. 

5. Conclusion  
In sum, our results show that adipocytes produce lactate during lipolysis and that there is a small but significant 
difference in lactate production by adipocytes from men and women. During lipolysis, the ratio glycerol/lactate 
is close to one in adipocytes isolated from lean women, while it is approximately close to 3 for adipocytes iso-
lated from lean men. The reason of such a difference is yet unknown, and a higher density of alpha1-adrenergic 
receptors in adipocytes from women could partly explain that difference. This finding indicates that adipose tis-
sue is involved in the lactate shuttle proposed by Brooks [26] [27]. However, the intracellular mechanisms re-
sponsible for this sex difference in lactate production during lipolysis remain to be identified. 
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