
PAPER

Fiber type dependent upregulation of human skeletal
muscle UCP2 and UCP3 mRNA expression by high-fat
diet
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OBJECTIVE: To test the hypothesis that consumption of a high-fat diet leads to an increase in UCP mRNA expression in human
skeletal muscle. In a group of endurance athletes, with a range in ®ber type distribution, we hypothesized that the effect of the
high-fat diet on UCP2 and UCP3 mRNA expression is more pronounced in muscle ®bers which are known to have a high
capacity to shift from carbohydrate to fat oxidation (type IIA ®bers).
DESIGN: Ten healthy trained athletes (®ve males, ®ve females) consumed a low-fat diet (17�0.9 en% of fat) and high-fat diet
(41.4�1.4 en% fat) for 4 weeks, separated by a 4 week wash-out period. Muscle biopsies were collected at the end of both
dietary periods.
MEASUREMENTS: Using RT-PCR, levels of UCP2 and UCP3 mRNA expression were measured and the percentage of type I, IIA
and IIB ®bers were determined using the myo®brillar ATPase method in all subjects.
RESULTS: UCP3L mRNA expression tended to be higher on the high-fat diet, an effect which reached signi®cance when only
males were considered (P�0.037). Furthermore, diet-induced change in mRNA expression of UCP3T (r: 0.66, P�0.037),
UCP3L (r: 0.61, P�0.06) and UCP2 (r: 0.70, P�0.025), but not UCP3S, correlated signi®cantly with percentage dietary fat on
the high-fat diet. Plasma FFA levels were not different during the two diets. Finally, the percentage of type IIA ®bers was
positively correlated with the diet-induced change in mRNA expression for UCP2 (r: 0.7, P�0.03), UCP3L (r: 0.73, P�0.016)
and UCP3T (r: 0.68, P� 0.03) but not with UCP3S (r: 0.06, NS).
CONCLUSION: UCP2 and UCP3 mRNAs are upregulated by a high-fat diet. This upregulation is more pronounced in humans
with high proportions of type IIA ®bers, suggesting a role for UCPs in lipid utilization.
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Introduction
In rodents, brown adipose tissue plays an important role in

thermogenesis, via the activation of an uncoupling protein

gene, UCP1. This uncoupling protein gene encodes for a

mitochondrial protein carrier, which uncouples respiration

from ATP production and stimulates heat production.1 UCP1

is expressed in brown adipose tissue only, which is scarce in

adult humans and is not thought to play a major role in

energy balance. Recently, two additional (human) uncou-

pling proteins, UCP22,3 and UCP3,4,5 were discovered, with

high homology to UCP1. In humans, UCP3 is uniquely

expressed in skeletal muscle4,5 and is a likely candidate to

be involved in human energy metabolism. UCP3 is expressed

in a long (UCP3L) and a short form (UCP3S), the latter

lacking exon 7, likely resulting in a truncated protein. It is

unknown whether this difference is functionally important

although this C-terminal region (37 amino acids) is thought

to contain a nucleotide binding region. In accordance with a

role for UCP3 in human energy metabolism, we recently

showed that mRNA expression of UCP3 in Pima Indians was

positively correlated with sleeping metabolic rate.6

Apart from their role in energy metabolism, suggestions

were made for UCP involvement in the metabolism of

fatty acids. In rodents, fasting upregulates both skeletal

muscle UCP27,8 and UCP39,10 mRNA expression, which is
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in disaccordance with a role for UCPs in energy metabolism.

Furthermore, high-fat feeding has been shown to upregulate

skeletal muscle UCP3 mRNA expression in rodents,11,12

although results are con¯icting.13 As a possible explanation

for the increased UCP expression during fasting and during

high-fat diets an elevation of free fatty acid (FFA) levels in

plasma and=or an increase in fat oxidation have been pro-

posed. Indeed, it has been shown that elevating FFA, upre-

gulates skeletal muscle UCP3 mRNA expression in rats.14 In

rats, Samec et al8,15 recently showed that the effect of FFA

levels on UCP2 and UCP3 mRNA expression is muscle ®ber

type dependent. Thus, the upregulation of UCP2 and UCP3

mRNA by FFA levels was much more pronounced in fast-

twitch ®bers compared to slow-twitch ®bers. Lowering FFA

levels blunted the increase of UCP2 and UCP3 mRNA in the

slow-twitch ®bers, but not in the fast-twitch ®bers. Since fast-

twitch ®bers have a higher capacity to switch from glucose

oxidation to fat oxidation compared to slow-twitch ®bers

during fasting or high-fat feeding, they suggested that UCPs

might act as regulators of lipid as fuel substrate.

In humans, few data are available on the potential role of

UCPs in fat metabolism. Millet et al16 showed that a ®ve day

hypocaloric diet induced a 2 ± 3-fold increase in skeletal

muscle UCP2 and UCP3 mRNA expression in human sub-

jects. Furthermore, a mutation in the UCP3 gene was asso-

ciated with a decreased fat oxidation capacity.17 Finally,

Simoneau et al18 found that UCP2 protein content was

associated with a reduced skeletal muscle lipid utilization.

These ®ndings thus suggest a role for UCPs in fat metabolism

in humans, either due to the regulation of UCPs by FFA or

due to a role of UCPs in handling lipid as a fuel. Suggestions

have been made that UCPs are involved in the translocation

of the fatty acid anions over the mitochondrial membrane.19

In the present study we examined whether the consumption

of a high-fat diet increases the expression of UCP mRNA in a

population which is known to have a high fat oxidation

capacity. We have shown before, that after seven days of a

high-fat diet, fat oxidation was increased suf®ciently to

match fat intake, and this increase in fat oxidation was not

accompanied by an increase in plasma FFA levels.20 There-

fore, an increase in UCP mRNA after prolonged high-fat

consumption would suggest a role for UCP in the handling

of lipid as a fuel. To test the latter, we examined whether

the effect of the high-fat diet on UCP2 and UCP3 mRNA

expression is more pronounced in human subjects with

high amounts of type IIA muscle ®bers, which have a

higher capacity to shift from carbohydrate to fat oxidation

compared to type I muscle ®bers.

Research design and methods
Subjects

Five male and ®ve female runners, who participated in a

previous study21 were included in this study. Subjects char-

acteristics were as follows (mean� s.e.m.): age, 34.1�2.4 y;

height, 176�4.1 cm; weight, 66.2�4.1 kg; VO2max,

67.0�2.7 ml=kg FFM). The study was approved by the Insti-

tutional Review Board on Human Subjects and Experimenta-

tion of the University of Buffalo and subjects signed

informed consent forms. All subjects were well-trained,

healthy and non-smoking athletes with a minimum training

of 60 km=week.

Diet and training

The subjects were taught to record daily their nutritional

intake and their activities. Based on the activity level energy

expenditure was calculated. Subjects were prescribed diets

based on three-day food intake records, a food preference list

and personal consultation. Auto-Nutritionist IV software

(First Databank, San Bruno, CA) was used to generate indi-

vidualized sample menus that they followed. Caloric intake

was matched to caloric expenditure on diets consisting of

either 16% (low-fat) or 42% (high-fat) of total calories from

dietary fat. Protein intake was ®xed at 15% of total calories,

with the balance of the calories from carbohydrates (69% or

43%). The subjects were required to keep daily intake and

activity records that were evaluated weekly by the dietitians

to insure compliance. Each of the diets lasted for 28 ± 31 days

and they were separated by 28 ± 31 days of a diet consisting

of 32% fat, 15% protein and 53% carbohydrates (washout

period). The low-fat diet was always consumed ®rst. Muscle

biopsies were taken at the end of the low- and high-fat

period.

Training intensity during the three month period of this

study was recorded daily and monitored weekly.

Exercise tests

To control for the circadian rhythms of individual subjects,

each runner was tested on the same day of the week and

same time of the day on each protocol. Furthermore, females

were always tested in the same menstrual cycle phase. For

VO2max determination, subjects ran on a level treadmill at a

pace of 12 km=h for 3 min. The grade on the treadmill was

then increased in 2% increments every 2 min until voluntary

exhaustion. Gas exchange was measured by standard open

circuit technique (Perkin-Elmer 1200 Multiple Gas Analyzer,

Pomona, CA, USA) in the last minute of each successive work

rate. Blood was sampled by venapuncture from the antecu-

bital vein after a 3 h fast. FFA was determined spectrophoto-

metrically by the method of Itaya.22

Muscle biopsy and RNA analysis

Muscle biopsies were taken from the mid-thigh region from

M. vastus lateralis according to the technique of BergstroÈm.23

The subjects were required to abstain from training or

vigorous exercise 24 h prior to the biopsy. One part of the

biopsy was immediately frozen in isopentane cooled with

liquid nitrogen and processed for histochemistry. 12 mm

cryostat cross-sections were processed for the demonstration
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of myo®brillar ATPase according to the technique described

in detail by Billeter.24 All ®ber type counts were obtained

from sections treated with acid pre-incubation (pH 4.5). We

analyzed 3 ± 5 individual sections from each muscle biopsy

depending on the size of the biopsy specimens. All ®bers that

appeared reasonably cross-sectioned (minor to larger ®ber

axis >0.5) were counted.

Total RNA was isolated using the acid phenol method of

Chomozynski and Sacchi,25 with an additional DNAse diges-

tion step with concomitant acid phenol extraction and

ethanol precipitation. Integrity of each RNA sample was

veri®ed by gel electrophoresis. cDNA was prepared by reverse

transcription of total RNA with Superscript Rnase (GIBCO

BRL) according to the manufacturer's instructions using

random hexamer primers (BoÈhringer Mannheim, Germany).

The cDNA was diluted to 200ml with TE and stored at720�C.

2ml of ®rst-strand cDNA was used for reverse transcription

PCR (RT-PCR) in 25ml reactions containing 400 mM dNTP,

1mM primers, 1.25 U Taqbead2 hot start polymerase (Pro-

mega), 1�PCR buffer and 2.0 mM MgCl2. All primer combi-

nations were designed to span at least one intron to avoid

co-ampli®cation of genomic DNA which may contaminate

the RNA preparation. The primers used for amplifying

cDNA fragments are shown in Table 1. PCR conditions

were: 1 min at 94�C, 45 sec at 57�C and 2 min at 72�C. For

each product, the linear phase of the PCR ampli®cation was

tested separately. PCR products were resolved on a 1%

agarose gel containing Gelstar1 nucleic acid gel stain (FMC

bioproducts) and were quanti®ed by Imagemaster (Pharma-

cia biotech). Levels of mRNA were expressed as the ratio of

signal intensity for the target gene relative to b-actin and

were corrected for the size of the product. All determinations

were performed in triplicate.

Statistical analyses

To compare parameter estimates after the low- and high-fat

diet period, Student's t-test for paired samples was used.

Pearson correlation coef®cients were calculated to determine

the relationship between selected variables. Data are

expressed as means� s.d. and P values<0.05 are considered

signi®cant.

Results
The expression of UCP3T correlated with the sum of the

expression of UCP3L�UCP3S (r�0.82, P<0.0001). The

ratio of UCP3S to UCP3L mRNA expression did not correlate

with any of the measured variables. At baseline (low-fat diet)

UCP3L mRNA expression was negatively correlated with age

(Figure 1; r�0.71, P�0.022) and UCP2 mRNA expression

was negatively correlated with body weight (Figure 2,

r�0.67, P�0.04). There were no other correlations between

UCP2 or UCP3 mRNA expression and age, body weight, body

mass index (BMI), percentage body fat and VO2max.

Table 1 Sequences of PCR primers

Gene Sense primer (50 ± 30) Antisense primer (50 ± 30) Size of cDNA (bp)

UCP2 gacctatgacctcatcaagg ataggtgacgaacatcaccacg 290

UCP3L atggacgcctacagaaccat tacgaacatcaccacgttcc 390

UCP3S atggacgcctacagaaccat tcaccgctacatcccaggtt 436

UCP3T atggacgcctacagaaccat ctgggccaccatctttatca 312

b-actin actgactacctcatgaagat cgtcatactcctgcttgctgat 535

Figure 1 Relationship between UCP3L mRNA expression (ratio with b-
actin) and age (r�0.71, P�0.022). Data represent the mean of three
RT-PCR determinations.

Figure 2 Relationship between UCP2 mRNA expression (ratio with b-
actin) and body weight (r�0.67, P�0.04). Data represent the mean of
three RT-PCR determinations.
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Effect of the high-fat diet on UCP2 and UCP3 mRNA

expression

On average, subjects consumed 17.2�0.9% of the total

calories as fat on the low-fat diet and 41.4�1.4% on the

high-fat diet. VO2max was not different between the low-fat

and high-fat diet (67.0�2.7 vs 67.5�2.8 ml=kg FFM), indi-

cating that training intensity=duration was not altered

during the study. Energy intake was signi®cantly higher on

the high-fat diet compared to the low-fat diet (2804�165 vs

2081�156 kcal, P�0.0008). This resulted in a signi®cant,

but small (less than 1.5%) increase in body weight on the

high-fat diet compared to the low-fat diet (67.2� 4.2 vs

66.2�4.1 kg, P�0.017). Plasma FFA (1.3�0.1 vs 1.2�
0.1 mM) and triglyceride (47.0�5.6 vs 44.4�4.0 mg=dl) con-

centrations were not different between low- and high-fat

diet.

UCP3L mRNA expression tended to be higher after the

high-fat diet compared to the low-fat diet (Figure 3; 2.5�0.6

vs 1.5�0.2, P�0.08). When only male subjects were con-

sidered, the high-fat diet signi®cantly increased UCP3L

mRNA 2.2-fold (3.8�0.8 vs 1.7�0.4, P�0.037). However,

UCP3S, UCP3T and UCP2 mRNA expression was not signi®-

cantly different between the high-fat and low-fat diet. How-

ever, since there was a wide range in percentage of dietary fat

on the high-fat diet (35 to 49 en% as fat), we hypothesized

that the high-fat diet was not `fat' enough in all subjects.

Therefore, we examined whether the effect of the switch

from low-fat to high-fat diet on UCP expression was related

to the `severity' of the high-fat diet. Interestingly, we found

that the diet-induced changes (delta) in mRNA expression of

UCP3T (Figure 4a; r�0.66, P�0.037), UCP3L (Figure 4b;

r�0.61, P�0.06) and UCP2 (Figure 4d; r�0.70, P�0.025),

but not UCP3S (Figure 4c), correlated signi®cantly with the

percentage dietary fat on the high-fat diet. The diet-induced

change in body weight and=or energy intake had no effect

on the expression of UCP2 and UCP3 mRNA.

UCP expression and muscle ®ber types

It has been suggested that the expression of UCP is muscle

®ber type speci®c. At baseline, we found no correlations

between any of the UCP isoforms and percentage of type I,

IIA or IIB ®bers. However, on the high-fat diet, UCP3S mRNA

(Figure 5c; r�0.83, P�0.0031) and UCP3T (Figure 5a;

r� 0.74, P�0.016) mRNA expression were positively corre-

lated with percentage of type IIA ®bers, whereas this correla-

tion tended to be signi®cant for UCP3L (Figure 5b; r�0.57,

P�0.09). Furthermore, the diet-induced change in mRNA

expression was also positively correlated with the percentage

of type IIA ®bers for UCP2 (r�0.7, P�0.03), UCP3L (r�0.73,

P�0.016) and UCP3T (r�0.68, P�0.03) but not for UCP3S

(r�0.06, NS).

Discussion
Uncoupling proteins 2 and 3 are recently discovered human

uncoupling proteins, with a suggested involvement in

energy metabolism and obesity (for reviews see references

(26 and 27)). The ®nding that UCP2 and UCP3 mRNAs are

upregulated by FFA has led to the hypothesis that these UCPs

are involved in the metabolism of fatty acids. In the present

study we examined the effect of the consumption of a high-

fat diet (without changes in FFA levels) on UCP mRNA

expression in human subjects. We found a tendency for

higher levels of UCP3L mRNA expression after four weeks

of a high-fat diet. Considering male subjects only, UCP3L

mRNA was signi®cantly higher on the high-fat diet com-

pared to the low-fat diet. Further examination revealed that

the actual percentage of calories derived from fat was not

exactly 41% in all subjects, but ranged from 35 ± 49%.

Importantly, the change in UCP2, UCP3L and UCP3T

mRNA expression was correlated with this percentage of

calories derived from fat on the high-fat diet. In other

words, the increase in UCP mRNA expression depended on

the `severity' of the high-fat diet. We therefore feel justi®ed

to conclude that high-fat feeding upregulates the expression

of all uncoupling proteins in skeletal muscle except for the

short isoform of UCP3. These ®ndings are in accordance with

®ndings in rodents, showing increased UCP3 mRNA levels

after high-fat feeding.11,12

The mechanism by which high-fat feeding (and fasting)

upregulates UCP2 and UCP3 mRNA is not yet known.

Suggestions have been made that FFA, which are increased

during fasting and high-fat feeding, are responsible for the

increase in UCP mRNA. To test this hypothesis, Weigle et al14

elevated plasma FFA levels in rats, resulting in UCP3 mRNA

levels which were similar to those induced by fasting.

Furthermore, Boss et al28 showed that plasma FFA concentra-

Figure 3 UCP3L mRNA expression (ratio with b-actin) during low-
fat and high-fat diet. Data represent the mean of three RT-PCR
determinations.
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tions were positively correlated with the expression of UCP3

mRNA. Taken together, these studies provide some evidence

for a role of FFA in the regulation of UCPs. However, during

fasting and=or high-fat feeding, elevated FFA levels are also

accompanied by an increased fat oxidation and thus the

increase in UCP expression during fasting and=or high-fat

feeding could also be related to an increase in fat oxidation.

Although we did not measure fat oxidation in the present

study, our results suggest a relationship between UCP expres-

sion and fat oxidation. Firstly, the upregulation of UCP in

skeletal muscle in this study was not explained by an

increase in FFA levels. Secondly, we have shown before that

in humans, fat oxidation is increased after seven days on a

high-fat diet and that this increased fat oxidation is not

accompanied by an increase in plasma FFA levels.20,29,30

Finally, in the present study UCP2 and UCP3 mRNA levels

on the high-fat diet, as well as the diet-induced changes in

UCP2, UCP3L and UCP3T mRNA were correlated with the

amount of type IIA ®bers. Type IIA ®bers are characterized by

a high capacity for both carbohydrate and fat oxidation31

and it can be suggested that these ®bers have a high capacity

to switch from carbohydrate to fat oxidation when a high-fat

diet is consumed. Therefore, these data, together with data

from Samec et al8,15 who showed similar ®ndings in rats, are

in accordance with a role for UCPs in the metabolism of fatty

acids, but further studies are clearly needed to explore the

physiological function of human uncoupling proteins.

The mechanism by which UCPs could be involved in the

metabolism of fatty acids is still unknown. Suggestions have

been made that UCPs can exert their uncoupling effect by

being involved in fatty acid cycling across the inner mito-

chondrial matrix.32 On the matrix side of the mitochondrial

membrane, UCPs could be involved in the translocation of

the fatty acid anions to the cytosolic side of the membrane.

Here the fatty acid anion is protonated and `¯ip-¯ops'

rapidly back to the matrix side, since neutral fatty acids

can easily `¯ip-¯op' across the membrane. In this way, the

proton gradient is lowered and heat is produced. At the same

time, UCPs could then be involved in translocating an

excessive amount of fatty acid anions out of the mitochon-

dria, as suggested previously.18 A role for UCPs in translocat-

ing fatty acid anions over the inner mitochondrial

membrane, would also be in accordance with a role for

UCPs in energy metabolism. We previously reported that

mutations in the UCP2 and UCP3 gene were associated with

sleeping metabolic rate in Pima Indians.33 Furthermore, we

Figure 4 Relationship between delta (�mRNA expression on high-fat minus low-fat diet) UCP3T (A, r�0.66, P�0.037), UCP3L (B, r�0.61, P�0.06),
UCP3S (C, r�0.33, P�0.35) and UCP2 (D, r�0.70, P�0.025) mRNA expression and percentage of calories derived from fat on the high-fat diet. Data
represent the mean of three RT-PCR determinations.
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reported that UCP3 mRNA expression was positively corre-

lated with sleeping metabolic rate in the same population.6

In the present study, we did not measure basal energy

expenditure. However, body weight increased by, on average,

1 kg, whereas energy intake was increased by, on average,

�720 kcal=day (� 35%). With a 35% increase in energy

intake a more pronounced increase in body weight (>2.5 kg)

would have been expected. Thus the induction of UCPs on a

high-fat diet might be helpful in expending extra calories.

However, future studies are necessary to examine whether the

capacity to induce UCPs on a high-fat diet is accompanied by

an increased (resting) metabolic rate and whether UCPs

could play a role in the susceptibility to diet-induced obesity.

On the low-fat diet, we found a negative correlation

between UCP3L mRNA and age, which could not be

explained by any of the other variables measured. This is

in agreement with a role for UCP3 in energy expenditure

and=or fat metabolism, since it has been shown that both

BMR34 and basal fat oxidation35 are decreased by aging.

Furthermore, Yamashita et al36 showed that the induction

of uncoupling proteins during cold exposure was diminished

in old compared to young rats. It is therefore possible that a

decreased expression of uncoupling proteins could explain

part of the decrease in BMR and fat oxidation with age and

thus contribute to the age-related development of obesity.

However, more studies are necessary to provide evidence for

an age-related decline in UCP3 mRNA.

In this study, only endurance-trained subjects partici-

pated, who are known to have a good fat oxidation capacity.

This might have in¯uenced the outcome of the study.

Endurance trained athletes are characterized by a higher

proportions of type I ®bers, when compared to sedentary

subjects. Based on our results, one could expect that the

increase in UCP2 and UCP3 mRNA on a high-fat diet is more

pronounced in sedentary subjects. Furthermore, we recently

showed that trained subjects have lower levels of skeletal

muscle UCP2 and UCP3 mRNA when compared to untrained

subjects, but only after correction for the difference in

mitochondrial density between those two groups.37 Thus,

the absolute value of UCP mRNAs was not different between

trained and untrained subjects. In the present study, training

intensity and duration were kept constant over the entire

study period, as indicated by the unaltered VO2max on the

low- and high-fat diet. Furthermore, mitochondrial content

was not changed by the diet, as we showed before.38 It is

therefore not likely that the effect of dietary fat intake

Figure 5 Relationship between UCP3T (A, r�0.74, P�0.016), UCP3L (B, r�0.57, P�0.09), UCP3S (C, r�0.83, P�0.003) and UCP2 (D, r�0.046,
P�0.18) mRNA expression (ratio with b-actin) and percentage type IIA ®bers. Data represent the mean of three RT-PCR determinations.
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is different in trained compared to untrained subjects, if

one takes into account their differences in ®ber type

composition.

In conclusion, UCP2 and UCP3 mRNA expression are

upregulated by high-fat diet. This upregulation is more

pronounced in humans with high amounts of type IIA

®bers, characterized by a high capacity to switch from

glucose to fat oxidation, suggesting a role for UCPs in lipid

utilization.
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