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Abstract

Objectives: L-carnitine and dehydro-epiandrosterone (DHEA) independently promote mitochondrial energy
metabolism. We therefore wondered if an age-related deficiency of L-carnitine or DHEA may account for the
declining energy metabolism associated with age.
Methods: we evaluated serum levels of L-carnitine and the sulphated derivative of DHEA (DHEAS) in cross-sectional
study of 216 healthy adults, aged 20–95.
Results: serum DHEAS levels declined, while total carnitine levels increased with age (P < 0.0001). Total and free
carnitine and DHEAS levels were lower in women than men (P < 0.0001). Esterified/free (E/F) carnitine (inversely
related to carnitine availability) increased with age in both sexes (P = 0.012).
Conclusion: reduced carnitine availability correlates with the age-related decline of DHEAS levels. These results
are consistent with the hypothesis that decreased energy metabolism with age relates to DHEAS levels and carnitine
availability.
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Introduction

Ageing is associated with a decline in activity of
enzymes required for energy metabolism. For example,
enzymes required for the tricarboxylic acid cycle and
fatty acid oxidation decline with age [1]. The cause of
this decline is unknown; however, an age-associated
diminution of compounds that induce these mitochon-
drial enzymes would result in a parallel decrease of
enzyme activity. Two such potential compounds are L-
carnitine and dehydro-epiandrosterone (DHEA). These
compounds promote mitochondrial and cellular energy
production, principally via their effect on fatty acid
metabolism. Thus, as L-carnitine availability and DHEA
level decline with age, presumably mitochondrial
energy production will also decrease.

L-Carnitine is an essential cofactor for the transport

of long-chain fatty acids across the inner mitochondrial
membrane into mitochondrial matrix, making them
available for b-oxidation, which is the most efficient
metabolic path for energy production [2]. Thus L-
carnitine facilitates energy availability, and is especially
important for those tissues with high energy require-
ments. Cardiac and skeletal muscles are two such
tissues and are the major storage sites of carnitine,
which is primarily synthesized by the liver. Carnitine
decreases in muscle with age [3–5] and this reduction
might be related to the age-associated decline in
mitochondrial function. Carnitine deficiency affects
these tissues, whether the energy is used for mechan-
ical (e.g. muscle) or anabolic (e.g. liver) work. Carnitine
deficiency can therefore lead to cardiomyopathy,
hepatic encephalopathy and skeletal muscle weakness
[6]. Serum carnitine deficiency has been defined as an
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esterified/free (E/F) carnitine ratio of either greater
than 0.33 [7] or 0.4 [8]. A change in the serum E/F
carnitine ratio may be an early marker for impending
carnitine deficiency in tissue and thus predict the
development of muscle or hepatic pathophysiology
[9]. Even though the E/F carnitine ratio may provide
clinically useful information, few data exist describing
serum carnitine levels by age or sex in people [10].

DHEA is a steroid hormone that is primarily
produced in the adrenal cortex as an intermediate in
the biosynthesis of the sex hormones. It is the most
abundant circulating steroid hormone, and exists
almost exclusively as its sulphated derivative (DHEAS)
[11]. Conditions such as obesity, hypercholesterolae-
mia and atherosclerosis have been associated with the
age-associated decline of DHEA and DHEAS levels [12–
15]. In vivo and in vitro administration of DHEA and
DHEAS increases synthesis and activity of enzymes that
mediate fatty acid oxidation and energy production,
such as carnitine acyltransferases, which require
carnitine as substrate. [16, 17]. Moreover, since
DHEA and DHEAS modulate peroxisome activity [17],
they could promote b-oxidation of very-long-chain fatty
acids, making them available for mitochondrial b-
oxidation when appropriately shortened. Taken
together, these data suggest that DHEAS plays a role
in energy metabolism through both a carnitine-
dependent and a carnitine-independent mechanism.
However, there are no reports studying the relation-
ship of DHEAS and carnitine in the context of age or
sex.

Because DHEAS and carnitine are important for
energy metabolism, which declines with age, we
hypothesized that serum carnitine and DHEAS covaried
as a function dependent on age. We therefore
examined serum carnitine and DHEAS levels across
the healthy adult age span in men and women.

Methods

Subjects

Subjects were recruited for an unrelated vaccine study
from the Madison, WI, area. Inclusion criteria included
(i) being ambulatory, (ii) living independently in the
community and (iii) being free of acute disease (based
on history and physical examination). Subjects were
divided into two groups: young (20–60 years old) and
old (>60 years old). Young subjects were free of
chronic disease and taking no prescription medication
other than birth control pills. Older subjects took no
prescription medication known to effect the immune
system and were free of chronic diseases such as
diabetes mellitus and arterial disease (based on verbal
medical history) that required prescription medication
other than single agents for hypertension. Brief
physical examination of each subject revealed no

important findings. The study was approved by the
institutional review board and informed written con-
sent was given.

Carnitine

Serum carnitine was measured in triplicate by a
quantitative radio-isotope assay similar to that reported
by Parvin and Pande [18]. All serum samples were kept
frozen at –808C and thawed before assay. Total L-
carnitine was determined on diluted serum samples
that had been subjected to heat and alkaline pH to
hydrolyse carnitine to acyl carnitine. Free L-carnitine
was determined directly from untreated serum. Ester-
ified carnitine was the difference between total
carnitine and free carnitine. Each sample or hydrolysed
sample was measured in triplicate and the result
represented the average of the assay triplicates. The
inter- and intra- assay coefficient of variation for both
total and free carnitine are less than 5%.

DHEAS

Serum DHEAS was measured in triplicate by quantita-
tive radioimmunoassay utilising a Coat-A-Count DHEAS
assay kit (Diagnostic Products Corporation, Los
Angeles, CA, USA). All serum samples were kept
frozen, and were thawed and diluted just before
assay. All samples were evaluated simultaneously to
minimize assay variability. The assay conditions used
were those specified by the assay kit manufacturer. The
inter- and intra-assay coefficients of variation of the
assay are 7.5 and 7.4%, respectively. The detection limit
of the assay, defined as the apparent concentration two
standard deviations below the counts at maximum
binding, was approximately 1.1 mg/dl.

Statistical analysis

Pearson correlation coefficients (r) were calculated to
assess linear associations between pairs of continuous
variables (different carnitine measures, DHEAS and
age). As data were not normally distributed, the
Wilcoxon rank-sum test with Bonferroni adjustment
was used to test for relationship between sex, age and
other continuous variables. Data analysis was con-
ducted using SAS (SAS Institute, Cary, NC, USA) and
Statview Software version 4.02 (Abacus Concepts,
Berkely, CA, USA). Significance was set at P # 0.05.

Results

Subjects

We obtained samples from 216 (85 men, 131 women)
healthy adults aged 20–94.8 (mean 49.6) years. Racial
distribution was as follows: 208 Caucasian, two Asian,
two Hispanic, one Black and one Native American.

K. M. Chiu et al.

212



Age

Serum DHEAS levels declined with age in both the total
population (r = –0.693, P < 0.0001, data not shown)
and separately for each sex (men, r = –0.769, P <
0.0001; women, r = –0.677, P < 0.0001; Figure 1 and
Table 1). Total (r = 0.365, P < 0.0001; Figure 2a), free (r
= 0.301, P < 0.0001; Figure 2b) and esterified (r =
0.368, P < 0.0001; Figure 2c) carnitine levels and the
esterified/free (E/F) carnitine ratio (r = 0.173, P =
0.012) increased with age. Using the rigorous threshold
of an E/F ratio of $0.4, 12% of our subjects had reduced
serum carnitine availability. When examined by age
group, 18% of our older individuals had a serum E/F
ratio of $0.4, whereas only 8% of the young subjects
had E/F ratios of $0.4.

Sex

Sex comparisons revealed lower total and free carni-
tine and lower DHEAS levels in women than in men
(Table 2). A similar trend was evident for esterified
carnitine (Table 2). For men, the decline in DHEAS

level reached a plateau after the age of 60 years. There
was a trend for women to have a higher E/F carnitine
ratio than men (Tables 2 and 3). Young women had
lower DHEAS levels than young men (Table 1).
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Figure 1. Correlation between serum dehydro-epiandroster-
one sulphate (DHEAS) levels and age in women (+, – –; n =
131) and men (K, —; n = 85). Women: y = 422 – 4.7x, r = –
0.677, P < 0.0001; men: y = 749 – 8.6x, r = –0.769, P <
0.0001.

Table 1. Dehydro-epiandrosterone sulphate (DHEAS) levels by
age and sex

Mean DHEAS level (6SD), mg/dl
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Young Old
(20–60 years) (>60 years)
(n = 132) (n = 84) P-valuea

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Male 466 6 192 126 6 77 <0.001
Female 252 6 145 83 6 72 <0.001
P-value <0.001 0.024

NS, not significant.
aWilcoxon rank-sum test.

Figure 2. Correlation between serum a total, b free and c
esterified carnitine levels and age in women (+, – –; n = 131)
and men (K, —; n = 85). a Women: y = 36 + 0.3x, r = 0.499, P
< 0.0001; men: y = 51 + 0.2x, r = 0.286, P = 0.007. b Women:
y = 29 + 0.2x, r = 0.421, P < 0.0001; men: y = 39 + 0.1x, r =
0.298, P = 0.014. c Women: y = 6.8 + 0.09x, r = 0.438, P <
0.0001; men: y = 10 + 0.05x, r = 0.255, P = 0.012.



Correlation of DHEAS and carnitine

Free carnitine level was positively correlated with
DHEAS in men after removing age-related variance. The
E/F carnitine ratio declined with DHEAS levels for the
whole population (r = –0.215, P = 0.002, data not
shown). After correcting for age by analysis of
covariance, the E/F carnitine ratio inversely correlated
with DHEAS levels in men (Figure 3).

Discussion

In this study, we observed that carnitine and DHEA
levels are related to age and sex. Like previous studies
[19–21], we found that women had significantly lower
total and free serum carnitine levels than men. Sex-
specific differences in iron metabolism may account for
this finding. Specifically, iron is necessary for the
biosynthesis of carnitine [22]. That women have less
iron than men [23, 24], either due to lower intake [21] or
increased losses [25], could account for their lower
carnitine levels. However, since iron stores were not
assessed in this study, we were not able to establish a
relation between this factor and our observations.

In contrast to previous studies that demonstrated
increased serum total and free carnitine with age
among only the women [4, 9, 10], our study identified
increased total, free and esterified serum carnitine
levels with age in both sexes. Our study population
consisted of more subjects and a broader age range
than the previous studies, which may account for our
ability to detect an increase in these indices in men. In
addition to the total and free carnitine levels, there was
a similar increase in the E/F carnitine ratio with age in
both sexes. The latter finding is of particular interest
because it suggests that, in spite of the higher total
carnitine levels accruing with age, there is relatively
less free carnitine available for fatty acid oxidation and
acyl group removal.

Carnitine deficiency has been variably defined
using either low tissue [26], or serum levels of total
carnitine [9] However, some studies suggest that an
increased E/F carnitine ratio may be the most relevant
measure of carnitine status [7, 27–29]. In general,
there is agreement that higher E/F ratios indicate
greater relative unavailability of carnitine, ultimately
causing carnitine deficiency. The increases in serum
carnitine levels observed in our ageing population
were due to a greater rise in esterified than free
carnitine. These observations may be explained by
factors known to occur during the ageing process. For
example, the general decline in fatty acid oxidation
that occurs with age [30] could result in decreased
utilization of free carnitine, culminating in increased
serum esterified carnitine [31, 32]. An alternative
explanation is provided by the observation that
during renal dysfunction there is a greater diminution
of renal excretion of esterified carnitine than of free
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Table 2. Total, free and esterified carnitine levels, ratios of
esterified/free carnitine and dehydro-epiandrosterone sul-
phate (DHEAS) levels for combined ages

Mean value (6SD)
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Male Female
(n = 85) (n = 131) P-valuea

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Carnitine (mmole/l)
Total 58 6 11 51 6 12 <0.0001
Free 46 6 9 40 6 10 <0.0001
Esterified 12 6 4 11 6 4 NS

Esterified/free carnitine 0.27 6 0.07 0.30 6 0.11 NS
DHEAS (mg/dl) 355 6 230 176 6 145 0.0001

NS, not significant.
aWilcoxon rank-sum test.

Table 3. Esterified/free (E/F) carnitine ratio by age and sex

Mean E/F carnitine ratio (6SD)
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Young Old
(20–60 years) (>60 years)
(n = 132) (n = 84) P-valuea

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Male 0.26 6 0.07 0.28 6 0.09 NS
Female 0.28 6 0.11 0.32 6 0.11 NS
All 0.27 6 0.09 0.31 6 0.10 0.007

NS, not significant.
aWilcoxon rank-sum test.

Figure 3. Correlation between age-corrected free carnitine
levels and serum dehydro-epiandrosterone sulphate (DHEAS)
in women (+, – –; n = 131) and men (K, —; n = 85). Free
carnitine and DHEAS levels were correlated for each
individual after correction for age using analysis of covariance.
Women: y = 25 + 0.01x, r = 0.161, P < 0.689; men: y = 30 +
0.01x, r = 0.258, P = 0.02.



carnitine [33–35]. Thus, it follows that as renal
function declines with age, there is an overall increase
in the E/F carnitine ratio. Finally, slowing or impair-
ment of the cellular transport system for carnitine may
result in elevated serum levels of free and esterified
carnitine in aged individuals.

Our observation that DHEAS levels decline with age
is consistent with previous reports [14, 36]. Reasons
for the age-related decline in DHEAS and how sex
affects this reduction are unclear. However, in women
it may be related to menopausal status [36]. Addition-
ally, decreased DHEAS biosynthesis secondary to
declining adrenal function with age [37, 38] may
account for the age-related decline of DHEAS.

In addition to DHEAS’ ability directly to promote
energy metabolism [39], our observation that carnitine
levels correlated with DHEAS levels, independent of
age, suggests that DHEAS can modulate carnitine
levels. Although these data are correlative, they are
consistent with the observation that DHEAS adminis-
tration increases carnitine levels in rodents [40]. These
results should be interpreted in the light cautiously as
the nutritional status of our subjects was not investi-
gated. Nutritional state can affect carnitine and DHEAS
levels. However, these were mobile healthy individuals
with no obvious evidence of malnourishment.

In summary, age-induced modulation of DHEAS and
carnitine levels results in decreased carnitine avail-
ability. These findings may provide clues to under-
standing why mitochondrial function and energy
metabolism decreases with ageing.

Key points
• Carnitine and dehydro-epiandrosterone sulphate

(DHEAS) promote energy metabolism.
• Carnitine and DHEAS levels are lower in women

than men.
• DHEAS and carnitine availability decline with age.
• Decreased carnitine and DHEAS levels may con-

tribute to the decreased energy metabolism
observed with ageing.

Acknowledgements

We would like to thank Barbara Miller, Lana Hammes
and Monica Freeman for their assistance in the study.
We also thank Pierre Kiami for helping the manuscript
preparation. This work was supported in part by NIH
grants R01-AG09632, K08-AG00548 and R01-AG11970
and by Connaught Laboratories, Inc., Swiftwater, PA,
USA and Metabolic Analysis Laboratories, Inc., Madi-
son, WI, USA

References
1. Hansford R, Castro F. Age-linked changes in the activity of enzymes

of the tricarboxylate cycle and lipid oxidation, and of carnitine
content, in muscles of the rat. Mech Ageing Dev 1982; 19: 191–201.

2. Borum PR. Regulation of the carnitine concentration in plasma. In:
Frenkel RA, McGarry JD, eds. Carnitine Biosynthesis, Metabolism and
Functions. New York: Academic Press, 1980; 115–26.

3. Costell M, Grisolia S. Effect of carnitine feeding on the levels of
heart and skeletal muscle carnitine of elderly mice. FEBS 1992; 315:
43–6.

4. Costell M, O’Connor JE, Grisolia S. Age-dependent decrease of
carnitine content in muscle of mice and humans. Biochem Biophys
Res Commun 1989; 161: 1135–43.

5. Maccari F, Arseni A, Chiodi P, Ramacci MT, Angelucci L. Levels of
carnitines in brain and other tissues of rats of different ages: effect of
acetyl-L-carnitine administration. Exp Gerontol 1990; 25: 127–34.

6. Scholte HR, Rodrigues Pereira R, de Jonge PC, Luyt-Houwen Inez
EM, Verduin MHM, Ross JD. Primary carnitine deficiency. J Clin Chem
Clin Biochem 1990; 28: 351–7.

7. Tripp ME, Katcher ML, Peters HA et al. Systemic carnitine
deficiency presenting as familial endocardial fibroelastosis. A
treatable cardiomyopathy. N Engl J Med 1981; 305: 385–90.

8. Winter SC, Szabo-Aczel S, Curry CJR, Hatchinson HT, Hogue R,
Shug AL. Plasma carnitine deficiency. Am J Dis Child 1987; 141: 660–
5.

9. Rebouche CJ, Engel AG. Carnitine metabolism and deficiency
syndromes. Mayo Clin Proc 1983; 58: 533–40.

10. Rebouche CJ. Carnitine function and requirements during the life
cycle. FASEB J 1992; 6: 3379–86.

11. Bird CE, Murphy J, Boroomend K, Finnis W, Dressel D, Clark AF.
Dehydroepiandrosterone: kinetics of metabolism in normal men and
women. J Clin Endocrinol Metab 1978; 47: 818–22.

12. Drucker WD, David RR. Plasma dehydroepiandrosterone sul-
phate levels in normal and patients with hyperprolactinemia. In:
Genazzarie AR, Thijssen JHH, Siiteri PK, eds. Adrenal Androgens.
New York: Raven Press, 1980; 89–93.

13. Orentreich N, Brind JL, Rizer RL, Vogelman JH. Ages changes and
sex differences in serum dehydroepiandrosterone-sulphate concen-
tration throughout adulthood. J Clin Endocr Metab 1984; 59: 551–5.

14. Pavlov EP, Harman SM, Chrousos GP, Loriaux DL, Blackman MR.
Responses of plasma adrenocorticotropin, cortisol, and dehydroe-
piandrosterone to ovine corticotropin-releasing hormone in healthy
aging men. J Clin Endocr Metab 1986; 62: 767–72.

15. Montanini V, Simoni M, Chiossi G et al. Age related changes in
plasma dehydroepiandrosterone sulphate, cortisol, testosterone and
free testosterone circadian rhythms in adult men. Hormone Res 1988;
29: 1–6.

16. Brady LJ, Ramsay RR, Brady PS. Regulation of carnitine
acyltransferase synthesis in lean and obese Zucker rats by dehy-
droepiandrosterone and clofibrate. J Nutr 1991; 121: 525–31.

17. Yamada J, Sakuma M, Suga T. Induction of peroxisomal b-
oxidation enzymes by dehydroepiandrosterone and its sulphate in
primary cultures of rat hepatocytes. Biochim Biophys Acta 1992;
1160: 231–6.

18. Parvin R, Pande SV. Microdetermination of L-carnitine and
carnitine acetyl transferase activity. Anal Biochem 1977; 79: 190–
201.

19. Bhuiyan AKMJ, Jackson S, Turnbull DM, Aynsley-Green A,
Leonard JV, Bartlett K. The measurement of carnitine and acyl-
carnitines: application to the investigation of patients with suspected

Correlation of carnitine and DHEAS in people

215



inherited disorders of mitochondrial fatty acid oxidation. Clin Chim
Acta 1992; 207: 185–204.

20. Cederblad G. Plasma carnitine and body composition. Clin Chim
Acta 1976; 67: 207–12.

21. Lennon DLF, Shrago ER, Madden M, Nagle FG, Hanson P. Dietary
carnitine intake related to skeletal muscle and plasma carnitine
concentrations in adult men and women. Am J Clin Nutr 1986; 43:
234–8.

22. Bartholmey SJ, Sherman AR. Carnitine deficiency in iron-deficient
rat pups. J Nutr 1985; 115: 138–48.

23. Milman N, Clausen JO, Jordal R. Iron status in young Danish men
and women: a population survey comprising 548 individuals. Ann
Hematol 1995; 70: 215–21.

24. Milman N, Schultz-Larsen K. Iron stores in 70-year-old Danish
men and women. Evaluation in 469 individuals by serum ferritin and
hemoglobin. Aging 1994; 6: 97–103.

25. Jacobs A. Iron metabolism, deficiency and overload. In: Weath-
erall DJ, Ledgeham JGG, Warrell DJ, eds. Oxford Textbook of
Medicine. Oxford: Oxford University Press, 1983; 19.17–19.28.

26. Stanley CA. New genetic defects in mitochondrial fatty acid
oxidation and carnitine deficiency. Adv Pediatr 1987; 34: 59–88.

27. Turnbull DM, Bartlett K, Stevens DL et al. Short-chain acyl-CoA
dehydrogenase deficiency associated with a lipid-storage myopathy
and secondary carnitine deficiency. N Engl J Med 1984; 311: 1232–6.

28. Winter SC, Zorn EM, Vance WH. Carnitine deficiency. Lancet
1990; 335: 981–2.

29. Campos Y, Huertas R, Lorenzo G et al. Plasma carnitine
insufficiency and effectiveness of L-carnitine therapy in patients
with mitochondrial myopathy. Muscle Nerve 1993; 16: 150–3.

30. Hansford RG. Lipid oxidation by heart mitochondria from young
adult and senescent rats. Biochem J 1978; 170: 285–95.

31. Kobayashi A, Fujisawa S. Effect of L-carnitine on mitochondrial

acyl CoA esters in the ischemic dog heart. J Mol Cell Cardiol 1994; 26:
499–508.

32. Shug AL, Paulson DJ. Fatty acid and carnitine linked abnormalities
during ischemia and cardiomyopathy. In: Katz A, Shug AL, Ferran R
eds. Myocardial Ischemia and Lipid Metabolism. New York: Plenum
Press, 1984; 185–202.

33. Guder WG, Wagner S. The role of the kidney in carnitine
metabolism. J Clin Chem Clin Biochem 1990; 28: 347–50.

34. Wanner C, Horl WH. Carnitine abnormalities in patient with
renal insufficiency. Pathophysiological and therapeutic aspects.
Nephron 1988; 50: 89–102.

35. Bremer J. Carnitine—metabolism and function. Physiol Rev
1983; 63: 1420–80.

36. Rozenberg S, Ham H, Bosson D, Peretz A, Robyn C. Age, steroids
and bone mineral content. Maturitas 1990; 12: 137–43.

37. Hornsby PJ, Hancock JP, Vo TP, Nason LM, Ryan RF, McAllister JM.
Loss of expression of a differentiated function gene, steroid 17a-
hydroxylase, as adrenocortical cells senesce in culture. Proc Natl
Acad Sci USA 1987; 84: 1580–4.

38. Hornsby PJ, Aldern KA. Steroidogenic enzyme activities in
cultured human definitive zone adrenocortical cells: comparison
with bovine adrenocortical cells and resultant differences in adrenal
androgen synthesis. J Clin Endocrinol Metab 1984; 58: 121–7.

39. Mohan PF, Cleary MP. Short term effects of dehydroepiandroster-
one treatment in rats on mitochondrial respiration. J Nutr 1991; 121:
240–50.

40. Chiu KM, Schmidt MJ, Shug AL, Binkley N, Gravenstein S. Effect
of dehydroepiandrosterone sulphate on carnitine acetyl transferase
activity and L-carnitine levels in oophorectomized rats. Biochim
Biophys Acta 1997; 1344: 201–9.

Received 14 October 1997; accepted in revised form 30 June
1998

K. M. Chiu et al.

216


