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Abstract

The incidence of overweight and obesity is increasing among children with long-chain 3-hydroxyacyl-CoA dehydrogenase (LCHAD)
or mitochondrial trifunctional (TFP) deficiency. Traditional treatment includes fasting avoidance and consumption of a low-fat, high-
carbohydrate diet. A diet higher in protein and lower in carbohydrate may help to lower total energy intake while maintaining good met-
abolic control. To determine the short-term safety and efficacy of a high protein diet, subjects were admitted to the General Clinical
Research Center and fed an ad-libitum high-protein diet and a high-carbohydrate diet for 6 days each using a randomized, crossover
design. Nine subjects with LCHAD or TFP deficiency, age 7-14 were enrolled. Body composition was determined by DEXA. Total
energy intake was evaluated daily. Resting energy expenditure and substrate utilization were determined by indirect calorimetry. Post-
prandial metabolic responses of plasma glucose, insulin, leptin, ghrelin, acylcarnitines, and triglyceride were determined in response to a
liquid meal. Subjects had a higher fat mass, lower lean mass and higher plasma leptin levels compared to reference values. While on the
high protein diet energy consumption was an average of 50 kcals/day lower (p =0.02) and resting energy expenditure was an average of
170 kcals/day higher (p =0.05) compared to the high carbohydrate diet. Short-term higher protein diets were safe, well tolerated, and
resulted in lowered energy intake and increased energy expenditure than the standard high-carbohydrate diet. Long-term studies are
needed to determine whether higher protein diets will reduce the risk of overweight and obesity in children with LCHAD or TFP
deficiency.
© 2006 Elsevier Inc. All rights reserved.
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Introduction trifunctional protein (TFP) deficiency, typically manifests
with acute episodes of fasting or illness-induced hypoke-

Deficiency of long-chain 3-hydroxyacyl-CoA dehydro-  totic hypoglycemia [1]. Cardiomyopathy, liver damage, and
genase (LCHAD), either isolated or as a part of generalized  rhabdomyolysis are frequent clinical complications associ-
ated with acute exacerbation and may be lethal. Acute and

chronic complications of LCHAD and TFP deficiency can
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long-chain fatty acids (LCFA) but supplemented with
medium-chain triglycerides (MCT) [2-4].

These rare disorders can be caused by mutations in the
genes for either the a-subunit (OMIM # 600890) or B-sub-
unit (OMIM #143450) of the mitochondrial trifunctional
protein, but a missense mutation (¢.1528G >C) in the o-
subunit is the most prevalent. The biochemical hallmarks of
this disorder are accumulation of long-chain 3-hydroxya-
cylcarnitines and free fatty acids in plasma and dicarbox-
ylic acids in urine. Dietary therapy minimizes LCFA
oxidation as evidenced by lower plasma long-chain 3-
hydroxyacylcarnitine profiles and reduces the occurrence of
acute exacerbations.

In our prospective cohort, we have noted excess weight
gain with time and increased risk of overweight and obesity
in this group of patients. Excess body weight poses a partic-
ular therapeutic dilemma to children with LCHAD or TFP
deficiency. Once overweight, a reduction in body fat stores
cannot be accomplished through traditional weight loss
strategies such as energy restriction or increased exercise
without potentially jeopardizing the metabolic control and
health of the subject. High-protein diets have been shown
to enhance satiety, reduce food intake, and lead to weight
loss when fed ad-libitum [5,6]. Therefore, in this study we
investigated the short-term effects of an alternate dietary
treatment, a long chain fat restricted diet that was higher in
protein and lower in carbohydrate content than typically
consumed, on energy balance, metabolic control and levels
of leptin and ghrelin in nine subjects with LCHAD or TFP
deficiency.

Methods
Subjects

Nine subjects, seven years of age or older, with a confirmed diagnosis
of LCHAD or TFP deficiency were recruited from a previous cohort for
this study [7,8]. Six cases had previously published mutation analyses [9-
12]. The subjects’ ages ranged from 7 to 14 years. Data collected during the
high protein diet from one subject was excluded due to objection to the
diet and oral intake less than 50% of her estimated needs. The diets were
otherwise well tolerated by all subjects with no adverse events. The Institu-
tional Review Board at OHSU approved the study protocol, each subject’s
legal guardian gave written informed consent and each subject gave
written assent.

Study protocol

Subjects were admitted to the OHSU General Clinical Research Cen-
ter (GCRC) inpatient facility for 2 weeks. Body composition was mea-
sured by DEXA at the beginning of the study (Discovery QDR Series
Hologic, Bedford, MA). They were then fed a high-carbohydrate and a
high-protein diet for 6 days in a randomized, crossover study design. There
was no washout period between the diets.

Diet composition

The composition of the experimental diets is given in Table 1. Diets
were served in three meals plus a snack each day with a 3-day cycle menu.
The daily menu provided 1800, 2200 or 2400 kcals per day depending
on the age and body weight of the subject. This provided approximately

Table 1
Macronutrient composition of experimental diets

Diet Protein CHO LCFA MCT CHO: Protein ratio
(% total energy) (gm:gm)

High-CHO 11 67 10 12 6.1

High-Protein 30 48 10 12 1.4

CHO, carbohydrate; LCFA, long-chain fatty acids; MCT, medium-chain
triglyceride.

110-120% of estimated energy needs for the subjects. All meals were pre-
pared in the Bionutrition Research Kitchen at the GCRC. During each
controlled diet phase, participants were asked to eat only the food pro-
vided to them by the study and nothing else. Total food intake (weight of
food dispensed minus weight of uneaten food returned) was recorded and
energy and nutrient intakes were calculated using Pronutra® software by
the GCRC bionutrition staff (Viocare Technologies, Inc., Princeton, NJ).
Body weight was measured each morning prior to breakfast.

Energy expenditure

Subjects were awakened, allowed to use the restroom and resting
energy expenditure was then measured while the subject rested in bed.
Oxygen consumption and CO, production were measured and resting
energy expenditure (REE) and respiratory quotient (RQ) were calculated
by indirect calorimetry on the last two days of each diet phase (days 6 and
7, Sensormedics Corp. model 29n, Yorba Linda, CA). The results of the
two measurements were averaged to provide a better estimate of true rest-
ing energy expenditure. A 24-h urine collection was analyzed for markers
of protein metabolism (urinary urea nitrogen and creatinine concentra-
tion). Substrate oxidation was calculated using resting VO, consumption
(L/min), VCO, production (L/min) and 24-h urea excretion (g/min) by the
equations of Jequier, et al. [13].

Metabolic response to a meal

The metabolic response to a single liquid test meal was measured on
the last day (day 7) of each diet phase. The macronutrient content of the
liquid meal was the same as the assigned research diet (either high protein
or high carbohydrate) and provided 500 kcals. An intravenous catheter
was placed in a peripheral arm vein to facilitate multiple blood draws.
Blood samples were drawn immediately before consuming the liquid meal
(fasting) and again 1, 2 and 4 h post-prandially. Blood samples were ana-
lyzed for plasma glucose, insulin, triglyceride, leptin, total ghrelin, and
hydroxyacylcarnitine concentrations. Blood concentrations of measured
parameters were plotted over time to create a post-prandial response
curve. Total area under the curve (AUC) was calculated for each blood
analyte using the trapezoidal method.

Blood measurements

Plasma glucose and triglyceride concentrations were measured in the
OHSU clinical laboratory using an autoanalyzer. Plasma insulin was mea-
sured by ELISA using a kit purchased from Diagnostic Products Corpora-
tion (Los Angeles, CA). Plasma leptin and total ghrelin concentrations
were measured by radioimmunoassay using kits purchased from Diagnos-
tic Systems Laboratories (Webster, TX) and Linco Research, Inc.
(St. Louis, MO), respectively. Total ghrelin concentrations were measured
in six of nine subjects whose blood was properly processed with phenyl-
methylsulfonyl fluoride (PMSF) and then acidified with hydrochloric acid
(HCL). Plasma hydroxyacylcarnitine concentrations were measured by
tandem mass spectroscopy at the Biochemical Genetics Laboratory, Mayo
Clinic (Rochester, MN) [14]. The sum of the long-chain hydroxyacylcarni-
tine concentrations for each blood sample was calculated and used in the
data analysis. Acylcarnitine species included in the calculated total were
C14:0-OH, C14:1-OH, C16:0-OH, C16:1-OH, C18:0-OH, C18:1-OH and
C18:2-OH.
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Data analysis

Differences in outcome variables after consuming the high protein and
high carbohydrate diets were analyzed with a mixed model in which the
fixed effects included diet (high protein or high carbohydrate) and the
order in which the diets were provided. AUC for blood parameters was
considered a good representation of the effect of diet and was used as the
dependent variable in the model. Differences were considered statistically
significant when p < 0.05 and analysis was performed with the PROC
MIXED procedure of SAS (SAS Institute, Inc., Cary, NC). Fasting blood
levels of insulin, leptin and ghrelin were compared to a group of normal
children with a similar age, sex and BMI distribution as our study subjects
by two-sample 7-test.

Results

Three males and six females completed the 2-week
study. Subject characteristics are given in Table 2. Three
of the subjects were classified as at risk for obesity with
a BMI > 95 percentile. Two subjects were classified as
underweight with a BMI < 5th percentile. Four subjects
were within the normal range (5-85 percentile) of BMI
for children. Regardless of BMI percentile, all subjects
had higher percent fat mass and lower percent lean
mass than predicted based on published reference data
[15].

Body weight remained relatively stable over the course
of the study with a mean change in body weight of +0.6kg
and a range of —0.2 to +1.9 kg. The goal of the study was to
test the effects of differential dietary macronutrient content
without the confounding effects of a change in body weight.
Macronutrient content of the two diets is given in Table 1.
During the high protein diet phase, energy intake was an
average of 6kcal/kg lean mass/day lower (p=0.02), and
resting energy expenditure (REE) was an average of 4 kcals/
kg lean mass/day higher (p =0.05) compared to the high
carbohydrate diet phase (Fig. 1). One subject (subject 6)
had a proportionately larger change in REE during the
high protein diet (Table 3). The difference in mean REE
among all subjects remained significant whether subject 6
was included or excluded from the analysis. Resting RQ
was lower during the high-protein diet phase most likely
due to the lower RQ of protein oxidation (Table 3). The
estimated substrate oxidation data confirm this hypothesis:
CHO oxidation was lower and protein oxidation was
higher during the high protein diet phase compared to the
high carbohydrate diet phase but fat oxidation was not
different (Table 4).

There was a non-significant trend (p = 0.07) for the sum
of fasting long-chain hydroxyacylcarnitine concentrations
to be higher during the high protein diet phase (Fig. 2).
There were no significant differences in the sum of the
long-chain acylcarnitine AUC following the high carbo-
hydrate test meal (4.28 £+ 2.8 pmol/L/4 h) and the high pro-
tein test meal (5.18 & 3.2 umol/L/4 h; p = 0.09). Fasting and
AUC plasma insulin levels did not differ between the high
carbohydrate and high protein diet periods (Table 3).
Fasting insulin levels were not different from control sub-
jects. Even though there was a trend (p=0.054) for

Table 2

Subject characteristics

Age

Ghrelin (pg/ml)

Leptin(mg/L)

Body composition

Sex Mutations

Control  High High Control

High

Subjects’ fat Predicted fat High

Subjects’ lean Predicted lean Fat

Lean
mass index
(kg/m?)

BMI

Yotile

BMI

(years)

protein subjects

CHO

CHO protein  subjects

mass index
(kg/m?) (16)
19

9.3

mass index
(kg/m?)
2.8

mass

(kg)

mass index
(kg/m?)(16)

12.1

mass
(kg)

(kg/m?)

1975
1669
1516
1234

913
1038
1285

1850
1484
2133

1.11
597
2.8

NA

1.2
70.3

1.20
8.40
0.75
2.73
3.79
14.22
10.22

9.2

6.62
11.6

1041

3
96

¢.1528G>C /c.274_278del 12.5

F
F
F

¢.1528G>C /c.274-278del 21.6

1577
1916

50.9

9.1

14.5

2.7

4.6

1.9
1.6

3.1

2.0
33
48

12.1

10.8

7.90
13.18

133

¢.1528G>C /c.1528G>C 153

¢.901G>A B-subunit/ ?

8.7

1.69
34
1.14

3.68
19.03

8.0
6.0

49.0

7.3

13.1
17

114

25

M
M

F

10.3

8.3
46.0

14.0

14.33
18.08

70
2298

95

19.5

c.1528G>CR?

12.6
1
1

7.6
52

2.6

10.6

13.6

24.7

¢.1528G>Clc.1528G>C

2.7
3.6

1622

673
1423

17.3

15.8

NA

7.8

17.7

95 16.3

¢.1528G>C/c.1678C>T 245

M

F

889

632

45

42

3.01

179

50 16.85 13.8

189

¢.1528G>C/c.479-482T

AGC>AATA

14.1

2016

956

7.9 7.83 888

8.3
20.2+£24.6 18.3£20.0 S5.18+5.6 1408+554

3.8

2.77

174

17.02 133

25

17.7

¢.901G>A B-subunit/ ?

Mean=+SD:

F

144

1393+£428

1341 £528

52+4.6 54+3.0 39428

14.15+£5.24 12.7+2.1 153+24

18.7+£4.4 51+39

BMI, body mass index; BMI % tile, percentile BMI for age on US growth charts. Lean mass and fat mass measured by DEXA. Subjects’ lean mass index was calculated as kg lean mass/ht in m? . Subjects’ fat mass

index was calculated from kg fat mass/ht in m?. These indices are compared to values of children of similar age and BMI (15). Leptin

fasting concentrations in unaffected control children of similar age, sex and BMI.

fasting ghrelin (pg/ml) compared to

fasting plasma leptin (mg/L) and ghrelin=
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Fig. 1. Effect of diet on energy intake and resting energy expenditure in
subjects with LCHAD or TFP deficiency. (A) Change in daily energy
intake (kcals/day) from the high carbohydrate diet phase (High CHO) and
the high protein diet phase (High Protein). Energy intake was significantly
lower during the high protein diet phase (High CHO 1726 & 349, High
Protein 1676 271, p =0.021). (B) Change in resting energy expenditure
from the high carbohydrate diet phase (High CHO) and the high protein
diet phase (High Protein). Resting energy expenditure was significantly
higher during the high protein diet phase (High CHO 1398 + 305 High
Protein 1569 + 329, p = 0.05).

plasma glucose AUC to be lower during the high protein
diet, no episode of hypoglycemia was noted during the
entire 2-week study. Fasting and AUC plasma triglyceride
concentrations were low on both diets, but significantly
lower during the high protein diet than the high carbohy-
drate diet (Table 5).

Plasma levels of leptin did not differ between the diet
phases (Table 2). However, compared to control values, fast-
ing plasma leptin concentrations were higher in the study
participants. Ghrelin data presented here represent samples
collected from six subjects to which an appropriate protease
inhibitor and acid were added. Fasting and post-prandial
ghrelin AUC was similar between the two diets (mean £+ SD
AUC ghrelin: high carbohydrate diet=512442178 pg/ml;
high protein diet =5017 =+ 1320 pg/ml). Fasting ghrelin con-
centrations were not significantly different from controls.
Maximum ghrelin suppression following the research meal
(difference in fasting and 1h ghrelin concentrations) was
approximately 14% in both diets (p =0.5).

Table 3
Resting energy expenditure (REE), respiratory quotient (RQ)
Age REE (kcal/day)* RQ
High CHO High protein  High CHO  High protein
7.5 926 0.91
8.4 1346 1483 0.965 0.945
8.7 984 1018 0.97 0.925
10.3 1338 1381 1.02 0.95
12.6 1598 1583 0.885 0.895
12.7 1730 2148 0.895 0.865
13.6 1813 1905 0.89 0.885
14.1 1321 1468 0.97 0.89
14.4 1528 1570 0.95 0.875
Mean+SD 1398 £305 1569 +339* 0.94+0.05 0.90+0.03*

REE, resting energy expenditure; kcal, kilocalorie. Respiratory Quotient
(RQ) was calculated from VO, and VCO, values measured by indirect cal-
orimetry on the last two days of the high carbohydrate and the high pro-
tein diet. The two measures were averaged and the average gas exchange
(VO, (L/min) and VCO,(L/min)) plus urinary urea nitrogen (UUN) were
used to calculate estimated substrate oxidation by the formulas of Jeuqu-
ier et al.

* = statistically-significant difference (p < 0.05).

# kcal *4.184 = kilojoules (kJ, ST units).

Table 4
Substrate oxidation
High carbohydrate High protein
Substrate oxidation (% of REE)
CHO 81+16 58 £ 10*
Protein 8§+3 22 +4*
Fat 14411 17+ 10
Results are the mean £ SD.
* = statistically-significant difference (p < 0.05).
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Fig. 2. Effect of a High CHO or a High Protein liquid test meal on sum of
long-chain hydroxyacylcarnitine concentrations in subjects with LCHAD
or TFP deficiency. Long-chain hydroxyacylcarnitine concentrations
immediately before (time 0) and 1, 2 and 4 h after the test meal. There were
no significant differences in the sum of the long-chain acylcarnitine AUC
following the high carbohydrate test meal (4.28 & 2.8 umol/L/4 h) and the
high protein test meal (5.18 & 3.2 pmol/L/4 h; p = 0.09).

Discussion

As diagnosis and dietary treatment for inherited disor-
ders of long-chain fatty acid oxidation improves, more



68 M. B. Gillingham et al. | Molecular Genetics and Metabolism 90 (2007 ) 64—69

Table 5
Plasma insulin, glucose, and triglyceride concentrations
Fasting AUC
High High High High
carbohydrate protein carbohydrate protein
Insulin (pU/ml) 8+4 9+5 177 £ 150 120+ 62
Glucose (mg/dl)* 94+4 90+5  451+£59 436+ 69
Triglycerides (mg/dl)® 71 22 48+17" 312+£132 207+ 87

Results are the mean & SD.
# Glucose (mg/dl)/18 = mmol/L (SI units).
b Triglycerides (mg/dl) * 0.011 = mmol/L (SI units).
* =statistically-significant difference (p < 0.05).

children are living into adolescence and beyond. An emerg-
ing problem among these patients is a high incidence of
pediatric obesity (defined as a BMI > 95% for age). Data
from National Health and Nutrition Examination Survey
(NHANES) III indicate that 16% of the general pediatric
population is now considered obese [16,17]. In the current
study we found 30% of subjects were obese. We have also
observed increasing BMI percentiles with time in most of
our LCHAD or TFP deficient subjects. Current dietary
therapy restricts fat and calls for avoidance of prolonged
fasting. Because higher protein diets may have favorable
effects on body weight, including a reduced induction of
fatty acid synthesis, compared to a high carbohydrate diet,
we compared the effects of these diets on hormonal media-
tors of body weight regulation and metabolic control
(Table 5).

Results of body composition analysis indicate that sub-
jects with LCHAD and TFP deficiency have a higher fat
mass and lower lean mass in comparison to published data
on unaffected children [15,18]. This result could be pre-
dicted as dietary fat has two possible fates: either oxidation
for energy production or storage as a structural moiety or
as tissue triglyceride. If the ability to oxidize long-chain
fatty acids, the primary component of dietary fat, is dra-
matically reduced, then the remaining amount of dietary fat
must be stored. The etiology of the characteristic lower lean
mass is unknown but may be related to lower activity levels
compared to unaffected children.

The feeding study was designed so that total fat, long-
chain fat and medium chain triglyceride (MCT) content did
not differ between the two diets, but the carbohydrate to
protein ratio was very different. The high protein diet
resulted in a lower total energy intake and higher resting
energy expenditure compared to the high carbohydrate
diet. Differences in energy balance and metabolic control
between the two diets can therefore be attributed to the
altered carbohydrate to protein ratio and not to altered fat
intake. Even though energy intake was lower and resting
energy expenditure was higher during the high protein diet,
due to the short period of time the subjects were followed
we did not observe a change in body weight. Looking at the
growth charts of these subjects before study entry, we noted
a rapid increase in BMI percentile compared to the increase
in height (data not shown). Over a longer period of time,

the influence of a high protein diet on energy balance may
reduce the rate at which subjects gain weight relative to
height, rather than lead to absolute weight loss.

Weight loss studies in adults have reported no change or
a lower resting energy expenditure with higher protein diets
compared with a high carbohydrate diet [6,19]. An
increased thermic effect of food (TEF) following consump-
tion of a high protein diet has been reported but increased
resting energy expenditure is not consistently observed [20].
It is possible that higher resting energy expenditure, despite
a lower energy intake, is unique to children with long-chain
fatty acid oxidation disorders. Others have postulated that
patients with fatty acid oxidation disorders have decreased
tricarboxcylic acid (TCA) cycle intermediates and limited
oxaloacetate concentrations because of their defect in fatty
acid oxidation [21]. Amino acids from protein can be ana-
plerotic and replenish the cycle to enhance energy produc-
tion. Higher resting energy expenditure in the face of lower
energy intake supports this hypothesis.

Concerns regarding lowering the carbohydrate content
of diets of children with LCHAD or TFP deficiency are
that the incidence of hypoglycemia will increase, that meta-
bolic control will deteriorate, or both. In this short-term
study we did not observe hypoglycemic symptoms during
the high protein diet in any of the subjects. We also evalu-
ated insulin concentrations and found they were similar to
published data in children suggesting that these children
with LCHAD or TFP deficiency had normal insulin sensi-
tivity despite increased adiposity. The sum of long-chain
hydroxyacylcarnitine concentrations, a measure of partial
fatty acid oxidation metabolites in subjects with LCHAD
or TFP deficiency and an indicator of metabolic control,
did show a non-significant trend toward increased levels in
the fasting state but postprandial AUC levels were not
different. A rise in hydroxyacylcarnitine concentrations
with a high protein diet could be detrimental to long-term
outcomes even if it prevents obesity [8]. Further long-term
study is needed to determine the metabolic safety of a
high-protein diet in individuals with fatty acid oxidation
disorders.

A role in the regulation of fatty acid oxidation has
recently been reported for numerous hormones, including
leptin and ghrelin, that are involved in the control of food
intake and body weight. Plasma total ghrelin concentra-
tions and post-prandial suppression of ghrelin in our sub-
jects was similar to control values and did not differ
between the high protein and high carbohydrate diets in
our study. Total plasma ghrelin does not appear to be
altered in children with TFP/LCHAD deficiency. Leptin, an
adipocytokine synthesized and secreted by adipose tissue, is
believed to signal energy sufficiency to the brain and pro-
mote energy expenditure in the periphery via alterations in
the fatty acid oxidation system [22,23]. Leptin levels
increase with increasing adiposity. The subjects studied
here had higher leptin levels than predicted even for their
increased adiposity. Possible explanations for increased lep-
tin concentration include abnormalities in adipocyte fatty
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acid metabolism may result in increased leptin secretion,
TFP/LCHAD deficiency may lead to leptin resistance, or
that any leptin-mediated central inhibitory signal is over-
come by the need to eat frequent meals to avoid hypoglyce-
mia. Future studies comparing children with LCHAD and
TFP deficiency and controls are needed to further explain
this observation.

In conclusion, subjects with LCHAD and TFP defi-
ciency appear to have abnormal body composition and ele-
vated circulating leptin concentrations compared to
reference data. Short-term consumption of a high protein
diet was associated with decreased energy intake and
increased resting energy expenditure without exacerbating
their metabolic control or causing hypoglycemia. Future
studies should test the long-term effects of high protein
diets on metabolic outcomes, weight gain, body composi-
tion and levels of hormones involved in body weight regu-
lation in this patient population. Such studies would be not
only important for clinical management but could provide
new insights into the role of fatty acid oxidation in insulin
signaling and weight regulation in humans.
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