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Cold Stress Increases Lipolysis, FFA R, and TG/FFA

Cycling in Humans

ANDRE L. VALLERAND, PH.D., JIRI ZAMECNIK, PH.D.,
PETER J. H. JoNES, PH.D., AND IRA Jacoss, Dr. MED. Sc.

VALLERAND AL, ZAMECNIK J, JONES PJH, Jacoss L. Cold stress in-
creases lipolysis, FFA Ra and TG/FFA ¢cycling in humans. Aviat Space
Environ Med 1999; 70:42-50.

Background: To characterize the impartant changes in the selection
and mobilization of metabolic fuel during cold stress, six males rested
for 3 h at 29°C and at 5°C dressed only in shorts while Hs glycerol,
1-'3C palmitate and 6,6 2H, glucose were continuously infused for 3 h
in each condition to determine their rate of turnover (Ra). Methods:
Metabolic rate (M) as well as rates of carbohydrate (CHOex) and lipid
oxidation (FATox} were assessed by indirect calorimetry whereas all iso-
topic enrichments were determined by mass spectrometry. Results: Cold
exposure decreased rectal and mean skin temperatures and increased
M, FATox and CHQOox compared with the same test at thermal neutrality
(p < 0.05). As expected, cold increased plasma glucose Ra and plasma
FFA Ra (from 4.58 = 0.19 to 14.69 * 1.07 pmol-kg™'-min™"; p <
0.05). However, in absolute terms, plasma FFA Ra in the cold remained
more than twice greater than FATox (FATox only increased up to 6.9 x
0.85 pmol-kg™ -min™'), suggesting an enhanced non-oxidative dis.
posal of fatty acids (i.e, TG/FFA ¢ycling) to account for all FFA Ra.

" Indeed, cold increased extracellular TG/FFA recycling rate (2.23 % 0.40
v$ 7.77 £ 1.19 pmol - kg™ - min~"; p < 0.05) whereas intracellular cy-
cling was unaffected. Conclusion: Even though lipolysis and FFA Ra are
greatly increased by cold stress in humnans, the present results demon-
strate that only about haif the rate of FFA Ra is ultimately oxidized,
suggesting that under the present cold conditions: 1) non-oxidative FFA
disposal or TG/FFA cycling is significantly enhanced; 2) white adipose
tissue-derived fatty acids could easily account for most of FATax, The
results further emphasize the importance of the TG/FFA cycle in ampli-
fying the ability of stored TG to react quickly to major changes in energy
expenditure induced by a sustained cold stress.

Keywords: body temperatures, energy metabolism, energy substrates,
glycerol, heat balance, heat loss, heat production, non-oxidative dis-
posal, shivering, stable isotope.

UNDER CIRCUMSTANCES of natural or man-made
disasters, in military environments or under other
conditions associated with either severe or prolonged
cold exposure, the avoidance of hypothermia depends
on balancing heat loss with heat production. In pro-
longed uncompensable cold stress where heat loss con-
tinuously adds to the heat debt, the first line of defense
for survival, is to maximize the insulation provided by
the microclimate and by peripheral vasoconstriction.
The last line of defense for survival remains the cold-
induced increase in metabolic heat production (4). The
mobilization and the oxidation of metabolizable energy
substrates provides the body with fuel for either work
or heat (10).

Carbohydrates (CHO) represent an important source
of energy for thermoregulatory thermogenesis. It has
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been demonstrated that cold exposure greatly enhances
plasma glucose tolerance and turnover, as well as pe-
ripheral tissue glucose uptake and oxidation (10,16,26,27).
Further, adipose tissue triglycerides (TG) represent the
body’s largest fuel reserve. Mobilization of this energy
store is important during shivering to provide fuel for
the contracting muscles. As such, several studies have
shown that cold exposure in animals enhances plasma
levels of free fatty acids (FFA), glycerol and catechol-
amines as well as lipolysis and FFA turnover (10,16,19).
None of the previous studies, however, has compared
in humans glycerol Ra (an index of whole body lipolysis)
to FFA Ra and fatty acid oxidation in the cold to further
characterize lipid metabolism and in particular to disso-
clate oxidative vs. non-oxidative FFA disposal. There
are several examples where the availability of fatty
acids exceeds the oxidation by an amount that corre-
sponds to non-oxidative disposal (12,21,36). Whether
the same phenomenon applies to cold stress is un-
known.

The goal of this study was, therefore, to characterize
the important changes in the metabolic fuel mobiliza-
tion and selection during cold stress, with particular
emphasis on oxidative vs. non-oxidative disposal of
FFA. To accomplish these objectives, we combined the
use of several techniques, namely the use of indirect
calorimetry-derived rates of substrate oxidation and
stable isotope tracer techniques where continuous infu-
sions of *H; glycerol, 1-°C palmitate and 6,6 2H, glucose
were performed for 3 h, respectively, to determine the
rate of lipolysis as well as the rate of appearance (Ra)
or turnover of plasma FFA and glucose, both at thermal
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neutrality and in the cold. It is hypothesized that cold
exposure enhances FFA Ru to a level that exceeds whole
body lipid oxidation, in part due to nonoxidative dis-
posal of fatty acids (or TG/FFA cycling).

METHODS
Subjects

The experimental protocol was approved by our insti-
tutional Human Ethics Committee. A physician exam-
ined all subjects and approved their participation. The
nature, purpose and possible risks of the study were
explained to each individual before they gave their writ-
ten consent to participate. Prior to any tests, subjects were
familiarized with the protocol during a 1.5-h familiariza-
tion trial. Six healthy males (Caucasian) volunteered for
the present study. Maximal aerobic power (VO,max) was
determined on the treadmill using an incremental proto-
col to exhaustion (32). Body fat was assessed via under-
water weighing, as previously described (29). Two tests
were performed about 1-2 wk apart in each subject who
served as his own conirol (repeated measures design).
The order of treatments was balanced. Subjects were
asked to avoid alcohol for at least 48 h prior to the test,
to avoid exercise for 24 h before, and to report to the
laboratory in a 12-14 h postabsorptive state. Their mean
(xSEM) physical characteristics were as follows: 30 * 2
yr, 1.74 = 0.02 m, 76.4 = 3.1 kg, 49 = 2 mi-kg™* - min~"
VOymax, 14 £ 1% body fat and 1.911 = 0.044 m? of body
surface area.

Measurements

Early in the morning, subjects were instrumented with
a rectal probe (American Pharmaseal Co., Valencia, CA),
12 re-calibrated heat flux transducers (Concept Engi-
neering, Old Saybrook, NJ), a heart rate monitor (Polar
Vantage XL, Polar USA, Stanford, CT) and 2 indwelling
intravenous catheters. Then, they rested in a quiet room
set at about 22°C for approximately 0.5 h before the test
while sitting on the experimental chair (a nylon-webbed
lawn chair which had been modified to wheel the sub-
jects in and out of the chamber). The cold test consisted
of exposing for 3 h at 5.0 £ 0.1°C air (semi-nude) subjects
who were wearing only jogging shorts and thin foam
slippers (negligible wind speed). The thermal neutrality
test was performed in an identical manner to the above,
but at 29.3 + 0.1°C. During the tests, T was monitored
using a thin thermistor probe inserted and secured 10
cm beyond the anus. Skin temperatures and dry heat
losses were measured with 12 re-calibrated heat flux
transducers taped to the skin. Using a 12 point area-
weighted system, mean skin temperature (Tsk) and mean
dry heat loss were calculated as described elsewhere (30).
All thermal data were continuously recorded with a com-
puterized data acquisition system (30).

QO consumption and CO, production (in L-min™
STPD) were measured from expired air using a metabolic
cart consisting of an IBM PC, a polarographic O; analyzer
and an infrared CO, analyzer (Applied Electrochemistry,
Pittsburgh, PA), a ventilation module (Interface Associ-
ates, Irvine, CA) and a Turbofit A/D computer interface
(Vacumetrics, Ventura, CA). Respiratory gas exchanges
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were continuously measured for the entire 3-h period,
with the exception of about 5 min beginning at min g5,
where subjects were able to remove the metabolic face
mask (Hans Rudolf, Kansas City MO) to avoid discom-
fort. Analyzers were recalibrated at that point in time (if
required) and before any test. Urine collection took place
after the tests to determine urinary urea nitrogen, used
as an index of protein oxidation (32).

Printed Constant Isotope Infusions and Blood Sampling

Indwelling catheters (Insyte, Deseret Medicals, Sandy,
UT) were inserted in an antecubital vein of each arm.
One was used for the isotope infusion, the other for blood
sampling. Following the collection of a baseline blood
sample, primed constant infusions of [*Hs] glycerol (Iso-
tech Co., Miamisburg, OH) (prime: 1.5 pmol - kg™, infu-
sion: 0.1 umol- kg™ -min™") (36,38), 1-°C palmitate (in-
fusion: 0.04 pmol-kg™" -min™", in 5% albumin solution;
no prime), 6,6-*H, glucose (prime: 17.6 umol - kg™"; infu-
sion: 0.22 pmol-kg™ - min™"; 99% enriched) were per-
formed by a calibrated infusion pump (Harvard Appara-
tus, Natick, MA). Rates of infusion were determined by
measuring the concentration of the infusate (duration of
infusion was 180 min). Palmitate was bound to albumin,
following previously described procedures (35). All solu-
Hons were prepared under sterile conditions and tested
before use for sterility and pyrogenicity in an established
independent laboratory, who found them all to be sterile
and pyrogen-free.

Venous blood (3-7 ml) was drawn about 15 min prior
to each test while subjects were sitting at a comfortable
ambient temperature (22°C), as well as at min 60, 120,
135, 150, 165, and 180 in the climatic chamber. To ensure
catheter patency without a heparin lock, we used a slow
infusion of warm isotonic saline (~1 ml- min~"} coupled
with regular flushes of warm saline. The total volume of
saline infused amounted to about 200 ml. A temperature
controller maintained both the insulated saline bag and
insulated iv. line at 34-37°C. At the times specified
above, blood samples were drawn into heparinized tubes
chilled in an ice bath. For insulin analyses, Vacutainer®
tubes containing EDTA were used. Plasma was promptly
separated by centrifugation and kept frozen at —70°C
until assayed for glycerol (2), free fatty acids (FFA; Wako
Chemicals kit, Dallas, TX), palmitate (gas chromatogra-
phy), glucose (YSI Glucose Analyzer, Yellow Springs,
OH) and insulin (Pharmacia Diagnostics kit, Uppsala,
Sweden). Plasma values were corrected for changes in
plasma volume based on changes in hemoglobin (Sigma
Chemicals kit, St. Louis, MO) and hematocrit, as before
(28,33).

For analysis of 1-°C palmitate, blood was collected
and processed as described by Wolfe (38). After thawing
the plasma sample, fatty acids were rapidly extracted
from the plasma, separated by gas chromatography, de-
rivatized to their methyl esters. The isotopic enrichment
was determined by selected ion monitoring gas chroma-
tographz/ mass spectromery (GC MS). Blood for the anal-
ysis of [*Hs] glycerol enrichment was collected and pro-
cessed as before (38). An internal standard, 2-3C glye-
erol, was added with the exception of the background
sample, proteins were precipitated and the supernatant
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was sequentially passed through ion exchange columns.
Trimethylsilyl derivatives were formed and isotopic en-
richment determined by GC MS using electron impact
ionization. Blood for the analysis of 6,6-[*H,] glucose en-
richment was collected and processed as before (38).
Plasma proteins were precipitated and the supernatant
passed sequentially through ion exchange columns. Pen-
taacetate derivatives were formed and isotopic enrich-
ment determined by GC MS using the chemical ioniza-
tion mode. All between and within assay coefficients of
variation were less than 5%.

Calculations

The heat balance equation summarizes whole body
heat exchanges in terms of heat production and heat loss
(all variables expressed in W - m™?) (7,32,33) as follows:

S=M-R+Q —~Epersp ~Cresp —Eresp Eq. 1

where M is the metabolic rate, calculated from measured
values of oxygen consumption and carbon dioxide pro-
duction (V0. and Vco, in L-min~! STPD; see below);
R+C is the measured rate of dry heat exchange by radia-
tion and convection, corrected for the thermal resistance
of the transducer itself (32,33); Epersp is the calculated rate
of evaporative heat loss from the skin (32,33); Cresp and
Ecesp are the calculated rates of convective and evapora-
tive heat loss, respectively, by the respiratory tract (18);
and S is the rate of heat storage, determined as the mi-
nute by minute balance of heat gains and heat losses. A
negative value of S signifies a heat debt, a positive one,
a heat gain. The total heat debt was then obtained by
the summation of all rates of heat debt values and by
converting W-m™ to kJ kg™, knowing the subject’s
body surface area and body mass.

The rates of carbohydrate and lipid substrate oxidation
(CHO.x, and FATox respectively, both in g-min~!) were
calculated using the non-protein oxygen consumption
(VOarp) and the non-protein respiratory exchange ratio
(NPRER) (11,34). Protein oxidation (Protox) was assessed
by analyzing the urinary urea nitrogen excretion (de-
rived from the ~4 h urine collection and expressed as
g’ min™") and correcting it for changes in the blood urea
nitrogen, as previously described (UREAcon; 11; Sigma
Chemicals Co., Kit 640, St. Louis, MO). The calculations
were performed as follows:

TERM = (NPRER — 0.707)- 0.293"! Eq. 2
CHOox = TERM * VO2up - 0.788"" Eq. 3
FATox = (1 = TERM)* VO2np- 2.0193"! Eq. 4
PROTox = UREAcorr- 6.25 Eq. 5

M = [(19.61 + TERM- 1.51)- VO2qp
+ (18.66 - VO2prot}] - 0.06 ™' - BSA™! Eq. 6
In Eq. 2-6, TERM represents the ratio of carbohydrate
to non-protein oxidation; 0.293 is the difference between
a NPRER of 1.000 and 0.707; VOuprt is the V0. due to

protein oxidation, determined using 0.966 and 0.782 L of
O: and CO. per g of protein; 0.788 is the average O,
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consumption rezguired for the oxidation of 1 g of glyco-
gen (0.829 L-g™") or 1 g of glucose (0.744 L-g™); 2.0193
corresponds to the O consumption per gram of triglycer-
ide (L-g™); 6.25 is the conversion factor for urinary urea
nitrogen to protein; 19.61 and 18.66 are the energy equiv-
alents in kJ- L™ oxygen when lipid and protein, respec-
tively, are oxidized; 1.51 is the difference between the
energy equivalent of 1 L O, at a NPRER of 1.000 and
0.707; 0.06 is a conversion factor to J-s"lor Wand finally,
BSA is the body surface area in m? (11,34). The relative
proportions of the average energy expenditure derived
from carbohydrate (average of glucose and glycogen),
lipids, and protein were determined using energy equiv-
alents of 16.7, 39.3, and 18.0 kJ- g7}, respectively. The
rates of fat or TG oxidation were converted from g min™
to its molar equivalent in pmol -kg™ - min™", by assum-
ing that palmityl-oleyl TG (860 g -mol™") represented a
typical TG. -

After having obtained relative steady-state of isotopic
enrichments at least during the last hour of experimenta-
tion (i.e., between min 120 and 180), the rates of appear-
ance (Ra) of plasma glycerol, palmitate and glucose (in
pmol - kg™ - min™") were calculated during this time pe-
riod using steady-state kinetics modified for use with
stable isotopes (5,38):

Ra = [(IEInf' IE_IPlasma)—].] -F Eq 7

where IEw and [Epnsma represent the isotopic enrichment
(in mol %) of the infusate and plasma samples respec-
tively, and F is the infusion rate in umol kg™ - min™".
FFA Ra was calculated by dividing palmitate R by the
percentage of contribution of palmitate to total FFA
concentration. Under steady-state conditions, the rate of
disappearance (Ra) was assumed to be equal to Ra
(5,16,19,38). All stable isotope-related calculations per-
tain to the relative steady-state conditions of the last hour
of exposure.

Lipolysis was calculated as three times the glycerol Ra.
The rationale for this calculation is that for each glycerol
released from TG, three fatty acids must also be released.
Thus, if fatty acids appear in the plasma at a rate less
than three times the rate of glycerol R, then some reester-
ification must have occurred (38). Reesterification takes
place in two forms (21,36-38). Extracellular (EC)
TG/FFA recycling can be calculated as the difference
between FFA R. and FATw (21,36-38). Intracellular
(white adipose tissue) TG/FFA recycling was assessed
as the difference between the rate of lipolysis and the
FFA Ra (38). Thus, total recycling represents the sum of
the above two rates of recycling or the difference between
lipolysis and FATox (12). With the available CHO metabo-
lism data, it was then possible to estimate the plasma vs.
intramuscular contribution of CHO oxidative metabo-
lism via the following equation. Knowing that plasma
Ra = Rox + Roonox (14,25), it is possible to rearrange the
equation by substituting Rex (an unknown) for its equiva-
lent so that:

Glucose Ra = (CHOox — Glycogen Muscleax) + Rnonox Eq. 8

where Rox is the rate of plasma substrate (glucose) oxida-
tion; Rnonex is the rate of plasma substrate non-oxidative
metabolism and Muscle o is the rate of intramuscular
substrate (glycogen) oxidation (38). For CHO, assuming
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TABLE L SUMMARY OF KEY THERMAL DATA.

Thermal Neutrality Cold

Tre (0 min) °C 36.98 = 0.10 36.90 = 0.13
Tre (180 min) °C 36.72 = 0.06 36.08 = 0.23*
delta Tee ~0.26 = 0.09 -0.82 = 0.21*
Tak (0 min) °C .-32.5 *0.19 3130 = 0.19
Tsk (180 min) °C 338 x012 2218 = Q.47
delta Tsk 1.3 =0.10 -1 =021
Final S (180 min) kJ- kg™ 04 =02 ~228 =18
*p < 005

*p < 0.0L

that plasma glucose R. is completely oxidized (5,21), thus
equivalent to maximum rates of plasma glucose oxida-
tion, one can estimate the minimum rates of glycogen
oxidation (and lactate) (3,8,21,34). Note that in Eq. 8, the
minimum Musclex estimate remains valid and would
only be higher than the minimum if Rawex would be
greater than zero. For FFA, an equivalent Eq. 8 could
similarly be applied to solve TG Musclex [FFA Ra =
(FFAxx — TG Muscleox) + Rnonox] since all other terms are
known. However, it was not used since this commonly
used determination of Rnonox (Rnonox = FFA Ra — FATOX)
(see the above EC recycling; 21, 36~38) already assumes
minimal rates of TG Musclex to yield maximal rates of
nonoxidative disposal of fatty acids. As such, the above
calculations are necessarily approximate.

Statistics

The main effects of timme and treatments (thermoneu-
tral vs. cold) as well as time/ treatment interactions were
tested by repeated measures analyses of variance
(ANOVA) on all thermal and metabolic data (6). Paired
t-tests, adjusted for multiple comparisons when required
(6), were used to identify the location of significant differ-
ences (at least p < 0.05) when the ANOVA yielded a
significant F-ratio for the interaction. Results are ex-
pressed as mean = SEM.

RESULTS

As expected, 3 h of cold exposure reduced Ts by more
than 9°C whereas the drop in T was almost 1°C com-
pared with the trial at thermal neutfrality (p < 0.05; Table
I). The rates of heat loss markedly increased in the cold,
particularly dry heat losses (R+C; final values at min 180
at thermoneutrality vs. cold tests: 33 = 1 vs. 149 = 5
W - m™? respectively, p < 0.01). Although final wet (Epersp;
at min 180: 20 £ 0.2 vs 6.1 = 0.8 W-m™, p < 0.01) and
respiratory heat losses (at min 180: Cresp: 0.2 = 0.0 vs. 3.9
= 05 W-m™ p < 0.01; Enesp: 3.0 = 0.1 vs. 10.0 = 0.9
W-m™, p < 0.01) were also increased by the cold, quan-
titatively they were much less important. Overall, it is
therefore not surprising that the cold test produced a
large cumulative heat debt whereas a very small heat
gain was observed at thermal neutrality (p < 0.01, Ta-
ble I).

M was 38.9 = 1.3 W-m™ at rest before entering the
climatic suite. At thermal neutrality, there was no sig-
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Fig. 1. Metabolic rate (M, in W-m™) during a 3.h exposure to either
thermal neutrality (29°C) or cold (5°C). Fasting subjects were sitting at
rest in the climatic chamber wearing only jogging shorts. Results were
calculated from VO, and NPRER as in Methods and each data point
represents the mean of the previous 30 min (i.e., data at 30 min represent
min 1-30). Repeated measures ANOVA indicated that M was affected
by a significant main effect of cold (p < 0.01). The symbols * or * *
indicate a significant difference between tests at p < 0.05 or p < 0.01,
respectively. Results are mean *+ SEM throughout.

nificant change in M during the 3 h exposure (Fig. 1). M
was significantly affected by a main effect of cold, how-
ever, increasing gradually to 2.7 tmes resting values at
min 120, where it stayed relatively stable, at about 110
W-m™ (p < 0.01; Fig. 1). In part, the cold-induced in-
crease in M was due to an increase in whole body CHO

CHO dxidation rates
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Fig. 2. Rates of carbohydrate oxidation (CHQox) during the 3 h test
at thermal neutrality or in the cold. Symbols for statistical differences
are as in Fig. 1.
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Fig. 3. Rates of fat oxidation (FATox) during the 3 h test at thermal

neutrality or in the cold. Symbols for statistical differences are as in Fig, 1.

oxidation (Fig. 2). The rates of CHOox were higher in the
cold than at thermal neutrality at all points in time (p <
0.05); overall the 3-h average in CHOox was about 2-fold
greater in the cold (p < 0.01). As with CHOox, FATox was
also affected by a significant interaction of effects. Fig. 3
shows that the rates of FATox in the cold were signifi-
cantly greater at all points in time (p < 0.05). Over the
3 h period, cold increased FATox by more than two fold
(p < 0.01).

Fig. 4A describes the plasma isotopic enrichment of 2H,
glucose as a function of time. In both physiological condi-
tions, relative steady-states were obtained in the last hour
of testing. The enrichment profile, from min 120 to 180,
was reduced by a significant main effect of cold exposure.
Fig. 4B summarizes the measured and calculated values
related to the steady-state kinetics of the *Ha-glucose as well
as rates of steady-state whole body CHOex. Cold exposure
increased CHOox by 195%, compared with thermal neutral-
ity (p < 0.05) whereas it increased the plasma glucose Ra
by 45% (p < 0.05). Assuming that Ra is completely oxidized
in the cold (equivalent to maximum rates of plasma glucose
oxidation), the minimum rates of glycogen (and lactate)
oxidation would be the difference between CHOo and glu-
cose Ra, about 12.0 = 1.9 umol-kg™' -min~'. Under the
present laboratory conditions, the oxidation of plasma glu-
cose in the cold would thus account for a maximum of
about 52% of the whole body CHQOox, whereas a minimum
of 48% could be attributed to the combination of glycogen
(and lactate) oxidation. Overall, cold thermogenesis was
derived from FATe and CHQex according to quite compa-
rable proportions as above: 48% and 46%, respectively, of
the average energy expenditure, whereas the rest of the
heat production was attributed to protein oxidation (6%).

Fig. 5 summarizes the effect of cold exposure on
plasma levels of glycerol (Fig. 5A), FFA (Fig. 5B) and the
isotopic enrichments of *Hs-glycerol (Fig. 5C). The 3 h
cold stress did significantly increase overall levels of
plasma glycerol (222%) and FFA (107%) whereas relative
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steady state isotopic enrichment was reduced by about
half (p < 0.05). Correspondingly, cold exposure en-
hanced the *Hs.glycerol R. by 184% (Fig. 6A; p < 0.05).
Lipolysis being three times glycerol R., was thus in-
creased by exactly the same amount. FFA R: was en-
hanced by 220% in the cold, up to 14.7 umol - kg™* - min™
(p < 0.05; Fig. 6B). A relatively similar 194% increment
was found with FATo. With FFA R. remaining at more
than twice greater rates than FATex, which only increased
up to 6.9 pumol-kg™ -min™" (p < 0.05), clearly both oxi-
dative disposal and non-oxidative disposal (or TG/FFA
cycling) were involved to account for all FFA. disposal.
Fig. 7 indeed clearly shows that the total recycling was
increased by 197% in the cold, primarily due to extracel-
lular recycling (p < 0.05) and not intracellular recycling.
Plasma insulin levels were not significantly affected by
the treatment (min O vs. 180 at neutrality: 7.9 * 1.3 vs.

sz Glucose MPE%

£ Thermal Neutrality

>

H2 Glucose MPE %

2

Time in minutes

CHO metabolism

30 ke

Thermal Neurrality

Cold

/’ / td /A !
o

7

10

N

CHO metabolism  (umol « kg -ml.n")

T

T T
Total CHOox Glucose R, Glycogen R,

Fig. 4. Plasma *H,-glucose enrichment (mole per cent excess, MPE%;
Fig. 4A, top) as a function of time during the test at thermal neutrality
or in the cold. Fig. 4B (bottom) describes: 1) the rates of steady-state
whole body carbohydrate oxidation (total CHOux); 2) the rates of plasma
glucose appearance (or disappearance) (Glucose Ra); and 3) the calcu-
lated rates of glycogen utilization (Glycogen Ra). Symbols for statistical
differences are as in Fig. 1.
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Fig. 5. Plasma levels of glycerol (Fig. 5A, top), free fatty acids
(mmol-L~"; Fig. 5B, middle) and *H,-Glycerol enrichment (mole per
cent excess, MPE%; Fig, 5C, bottom) as a function of time during the
test at thermal neutrality or in the cold. Symboils for statistical differences
are as in Fig. 1.

6.1 = 1.0 xU-ml™", respectively; min 0 vs. 180 in the
cold: 7.3 = 1.3 vs. 54 = 1.0 pU - ml™", respectively).
DISCUSSION

The major new findings of this study are that cold
exposure not only shifts lipid kinetics toward an in-
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creased mobilization turnover as well as oxidative dis-
posal of fatty acids, but it also shifts it toward an en-
hanced non-oxidative disposal of fatty acids.

Indeed results showed that cold increases lipolysis, FFA
R., FATuy, as well as extracellular TG/FFA cycling (Figs. 3,
6A, 6B, 7). The observation that FFA Ru largely exceeded
FATo (Fig. 6B) confirms our hypothesis and clearly indi-
cates a dissociation, or uncoupling, between the availability
and the oxidation of fat. This phenomenon carries several
unplications for long term exposure to physiological condi-
tions of enhanced energy expenditure such as cold stress.
Before reviewing these implications, it would appear ad-
vantageous to review the various model assumptions em-
ployed in the present study and to demonstrate the validity
of our own absolute values of lipid kinetics.

Glyceral R; and Total Lipalysis
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Fig. 6. Rates of plasma glycerol Ra and total lipolysis (Fig. 6A, top)
during the test at thermal neutraiity. or in the cold. Fig. 6B (botiom)
describes the rates of plasma FFA Ra and whole body lipid oxidation
during the test at thermal neutrality or in the cold. Symbals for statistical
differences are as in Fig. 1. -
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Fig. 7. Rates of intracellular (IC) recycling, extracellular (EC) recycling
and total recycling during the test at thermal neutrality or in the cold.
Symbols for statistical differences are as in Fig. 1.

Our absolute values of glycerol Ra and palmitate Ra
are entirely comparable to other published reports. At
thermal neutrality, we have reported values of 1.8 and
4.8 pmol- kg™' - min™" for glycerol and palmitate Ra, re-
spectively, which represent values quite similar to 2 and
5 pmol-kg™'-min™" published elsewhere (12,15). Fur-
ther, other studies have also shown that cold exposure,
particularly in animals, enhanced plasma levels of FFA,
glycerol and catecholamines as well as lipolysis and free
fatty acid turnover (for a review see 10; see Figs. 54, 5B,
6A, 6B). However, none of these studies had previously
compared oxidative to non-oxidative FFA disposal in the
cold.

Model Assumptions

In the present study, we assumed that glycerol Ra rep-
resents a reliable index of lipolysis. There seems to be
ample evidence to support this assumption. White adi-
pose tissue has no glycerol kinase so all glycerol released
will appear in plasma (20,37). Further, glycerol is not
produced metabolically by any process other than lipoly-
sis and an underestimation of lipolysis due to partial
hydrolysis of TG is very unlikely (37). Finally, it is also
established that in contrast to glycerol Ra, plasma FFA
or glycerol levels or even FFA Ra remain unreliable as
indices of lipolysis, particularly during physiological
conditions of enhanced energy expenditure (12).

Another assumption is that FFA Ra is an accurate mea-
sure of FFA turnover. It would be possible to underesti-
mate FFA R if fatty acids released by lipolysis would be
directly oxidized by adjacent tissues without entering the
plasma. However, there is evidence that there is little
oxidation of fatty acids released by lipolysis, that do not
enter the plasma (37). Further, ®C-palmitate represents
one of the most widely used tracers of FFA Ra in humans
(38). It is also assumed that FATe derived from indirect
calorimetry reliably reflects the whole body rates of fat
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oxidation. There is abundant evidence to document the
reliability of the calculations and this topic has been re-
viewed in details on numerous occasions (11). Further,
FATox is also considered to result from the oxidation of
fatty acids derived from white adipose tissue and intra-
muscular stores, knowing that intravascular hydrolysis
of TG is negligible on several accounts. First, we already
know that in the cold, TG levels as well as the clearance
of plasma TG, remain unchanged in humans (31). Sec-
ond, it is also established that when using a fasting proto-
col (see Methods), plasma TG metabolism is not ve
active in the first place (21). Finally, uptake of plasma-
derived TG is small and occurs very slowly, even during
prolonged exercise (15). Thus, plasma FFA and intramus-
cular TG are likely to be the only major sources of fatty
acids for oxidation, particularly in fasting individuals.
Further studies are nevertheless needed to confirm this
concept. Changes in intramuscular TG are also difficult
to estimate, particularly without any direct measure-
ments of *C-derived rates of plasma FFA oxidation. The
commornly used method of assessing Raonox (38) yields
maximal rates of Rrenex by assuming minimal rates of TG
Muscleox. Another technique that has been used to assess
TG Muscleox is to substract FFA Ra from FATox (20). How-
ever, this can only be used when FATox (oxidation) ex-
ceeds the plasma availability (20), an impossibility in the
present study (see Fig. 6).

Fate of Fatty Acids

The uncoupling between the availability and the oxi-
dation of fatty acids carries several implications. The pri-
mary one is that clearly there are factors other than the
availability of fatty acids that are regulating fatty acid
oxidation (1). The increased cycling in the cold could
allow for an increase FATox with no increment in lipolysis
since additional fatty acids are being released and then
re-esterified without oxidation. Fat availability is there-
fore not limiting as cycling primes for more oxidation.
Factors such as enzymatic capacity to transport and to
oxidize fat in the mitochondria are likely candidates
(20,22). Indeed, recent data suggest that glucose and/or
insulin regulate FATox by controlling the rate of long-
chain fatty acid entrance into the mitochondria (23).

It is interesting to note that similar physiological situa-
tions where FFA Ra (or availability) exceeded FATwx (or
oxidation), by an amount corresponding to nonoxidative
disposal of fatty acids, have been observed before (14,25).
Further, relatively similar absolute levels of TG/FFA cy-
cling have been reported in control subjects (3.5 = 0.4
vs. 3.1 = 0.4 pmol-kg™ -min™" in the present study),
although absolute levels reported in bumn patients were
clearly higher that in the present cold-exposed subjects
(15.8 £ 1.3 vs. 8.6 = 0.7 umol -kg™' - min~, respectively)
(36). Knowing the relative similarities between the hyp-
ermetabolic state of burn patients and that of cold-ex-
posed subjects, their larger increase in TG/FFA cycle
could be attributed to a greater enhancement in S-adren-
ergic stimulation (36). There are many other factors
which are known to affect recycling. Within white adi-
pose tissue, the primary factors could well be the ability
to carry away fatty acids (via blood flow or availability
of albumin binding sites) and the availability of glucose
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to produce glycerol 3-phosphate for reesterification.
Since intracellular cycling rates remained unchanged
(Fig. 6), these two latter factors do not seem to be affected
by the cold. While it is not clear by which mechanisms
cold increased extracellular cycling, it is possible that it
occurred through a combination of increased plasma
FFA levels, an unchanged liver blood flow, and an in-
creased stimulation of FATw (37), although it stll re-
mains to be demonstrated. It should also be noted that
cycling requires energy and produces heat, but does not
result in the net flux of products. Fatty acids released by
lipolysis are reesterified rather than oxidized and the
energy cost associated with this cycling can be easily
calculated since it is known that eight ATP are utilized
for each mol of TG cycled (17); TG/FFA cycling thus
amounts to about 3% of M at rest as well as 3% in the
cold.

In the present study, FATx was mainly dependent on
white adipose tissue-derived fatty acids and a negligible
amount to intramuscular TG. Further, the assessment of
maximal rates of nonoxidative disposal are tied to minimal
rates of TG Musclex, an assumption in line with the
estimation of small rates of TG Muscleox even when
FATox exceeded FFA Ra, clearly the reverse of the present
of the present study (20). In general, this is comparable to
data in cold-exposed dogs where adipose tissue-derived
FFA represented a contribution to M as high as 64% of
M (19). In the present study, it was estimated that FFA
could contribute to about 48% of M. This is quite differ-
ent from the observations with exercise regimens where
intramuscular TG hydrolysis represented a significant
fraction of FATox. Indeed, it has been reported that in
such cases, FATox becomes equal or exceeds FFA R (the
reverse of Fig. 6 and the best example of intramuscular
TG hydrolysis) since fatty acids would be oxidized in
muscle cells without ever appearing in the plasma (15).
Further, it is only at relatively high exercise intensities
that intramuscular lipolysis becomes stimulated (38),
particularly in trained athletes (22). In several studies
(see 15), though not all (24), exercise in trained athletes
produced a shift to non-plasma or intramuscular source
of fatty acids for oxidation because of decrements in FFA
levels, in FFA Ra, in FFA Rex and in lipolysis due to
decrease in adrenal activity (15). Humans and rats, in
contrast to migratory birds, do not accumulate large
amounts of TG in their muscles. Further, usable TG de-
posits appear to be depleted within 2-3 h of continuous
heavy exertion (9). We therefore suspect that since cold
stress is not performed at a similarly high level of exer-
tion, a much longer continuous exposure to cold for ~8—
9 h may be necessary to observe an increase in muscle
TG oxidation, although this needs to be confirmed.

Fate of Carbohydrates

The results of the present study confirm that cold expo-
sure in humans enhances the rate of disappearance of
plasma glucose (Fig. 5). This observation corroborates in
humans previous animal experiments which docu-
mented similar cold-induced increases in Ra (16), cold-
induced improvements in glucose and skeletal muscle
glucose uptake (26,27) as well as other human studies
describing increases in whole body carbohydrate oxida-
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tion and glucose tolerance with cold stress (28,29, It
should also be noted that the present absolute glucose
Ri values at rest were similar to other published values
(9 vs. 10 pmol - kg™ - min™" in 13) and the cold-induced
increase of 46% in R. is comparable in magnitude, al-
though slightly higher than a previous lesser stressfu]
cold test (34). Though the fate of the increased disappear-
ance of plasma glucose is not clear, assuming that R, is
completely oxidized in the cold, one can estimate the
minimum oxidation rate of glycogen (and lactate)
(3,8,21), which would amount to about 12.0 pmmol-kg™!.
min~!, or about 48% of CHOw (see Results). Such an
estimate is difficult to measure in humans since it de-
pends on two elusive factors: the average rate of glyco-
gen utilization in cold-exposed humans, and the active
shivering muscle mass utilizing glycogen at that rate.
To obtain this estimate without a series of biopsies, we
assumed that Reenox was negligible. What would happen
if this were not the case? The minimum Musclew estimate
of Eq. 8 would remain valid and would only be higher
if Raonox would be greater than zero. We would thus over-
estimate the (maximum) rate of plasma oxidation and
underestimate the (minimum) rate of glycogen oxida-
tion. Further investigation is nevertheless required.

In summary, even though lipolysis and FFA R. are
greatly increased by cold stress in humans, the present
results demonstrate that only about half the rate of FFA
Ra is ultimately oxidized. This demonstrates a dissocia-
ton or uncoupling with fatty acids availability being
more than two-fold greater than FAT.x. It also suggests
that under the present cold conditions in humans: 1) non-
oxidative FFA disposal or TG/FFA cycling is significant;
2) white adipose tissue-derived fatty acids could easily
account for most of the whole body fat oxidation; and
3) further research is needed to clarify the contribution
of intramuscular TG. It is also worthwhile to note that
the results further emphasize the importance of the TG/
FFA cycle in amplifying the ability of stored TG to react
quickly to major changes in M such as those induced by
a sustained cold exposure, without the need to further
enhance lipolysis.
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