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Effect of malnutrition and short-term refeeding on peripheral blood
mononuclear cell mitochondrial complex I activity in humans1–3

Francoise Briet, Clare Twomey, and Khursheed N Jeejeebhoy

ABSTRACT
Background: Previous investigations in rats have shown that the
first enzyme of the mitochondrial electron transport chain (com-
plex I) is altered in peripheral blood mononuclear cells (PBMCs)
and muscle by dietary manipulations.
Objective: We hypothesized that similar changes would occur in
human PBMCs as a result of dietary malnutrition and short-term
refeeding irrespective of the presence or absence of active inflam-
matory bowel disease (IBD).
Design: Fourteen malnourished patients with active IBD, 13 mal-
nourished patients without IBD, and 42 healthy subjects were
investigated. Complex I activity, body mass index, body compo-
sition, energy and protein intakes, and resting energy expenditure
were measured. Five patients without IBD and 6 patients with IBD
were investigated after 7 d of refeeding.
Results: In patients without IBD, weight loss was mainly due to
a loss of fat mass. In contrast, weight loss in IBD patients was due
to a loss of both fat-free mass and fat mass. Complex I activity
was reduced to the same degree in both groups of patients and was
significantly lower than that observed in healthy subjects. In both
groups of patients, complex I activity correlated significantly with
body weight, body mass index, percentage weight loss, and fat
mass. Complex I activity increased significantly after 1 wk of
refeeding in both groups of patients before observed changes of
measured nutritional assessment indexes.
Conclusion: Our study showed that mitochondrial complex I
activity measured in PBMCs seems to be a specific marker of
dietary malnutrition and responds rapidly to refeeding. Am J
Clin Nutr 2003;77:1304–11.

KEY WORDS Malnutrition, refeeding, inflammatory bowel
disease, peripheral blood mononuclear cells, mitochondria, complex I

INTRODUCTION

Malnutrition is the result of a disturbance in the equilibrium
between dietary intake and nutrient needs (1). The consequences
of prolonged malnutrition are sequentially altered cellular metab-
olism, impaired function, and finally, loss of body tissues (2).
Clinically, malnutrition is often associated with muscular dys-
function and weakness and altered immunity resulting in an
increased risk of infection (3–5). Weight loss is common in
patients with inflammatory bowel disease (IBD) (6–8). The main
causes of weight loss are reduced nutrient intake, maldigestion,
malabsorption, elimination of nutrients as a result of oxidative
stress, and enteric loss of nutrients (7, 9). In active IBD patients,
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the metabolic disturbances associated with malnutrition may be
caused by malnutrition itself or by inflammation. It is well known
that the prevalence and degree of malnutrition are markedly influ-
enced by the activity and extent of the disease (10). Furthermore,
disease activity with bowel inflammation could cause weight loss
by increasing energy expenditure (11), which may be related to
altered cellular metabolism.

Mitochondria occupy a pivotal position in aerobic ATP pro-
duction. All of the energy-producing reactions generate reducing
equivalents that are ultimately oxidized by oxygen through a chain
of oxidoreduction reactions occurring in complexes I–IV residing
in the inner mitochondrial membrane (electron transport chain).
These processes create a proton gradient across the inner mito-
chondrial membrane, which is used to drive ATP synthesis by
complex V (F0F1 ATPase; EC 3.6.1.3) (12). Previous studies sug-
gest that muscle cell energetics are altered by protein-energy
restriction, showing a slower rephosphorylation of ADP in the
skeletal muscle of malnourished rats (13, 14). Consistent with this
observation, we recently observed that malnutrition impaired the
activity of mitochondrial electron transport chain in muscle (com-
plexes I–III) as well as in the peripheral blood mononuclear cells
(PBMCs) (complex I) of rats (15). Furthermore, in another study,
the reduction of complex I and III activities was proportional to a
reduction in the oxidative phosphorylation rate in the muscle of
malnourished rats (16).

Muscle function responds earlier to refeeding than do tradi-
tional indicators of body composition (17, 18) and could be pro-
foundly influenced by protein restriction despite an adequate
energy intake (19). In this context, it is of interest that protein
refeeding, but not glucose refeeding, restored the electron trans-
port chain in the soleus muscle and PBMCs of rats without any
associated gain in body weight (15).

Because we found that nutritional manipulations in animals
influenced the electron transport chain, we decided to investigate
the first enzyme of the mitochondrial electron transport chain
(complex I) in human PBMCs. Our objectives were to 1) compare
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TABLE 1
Physical and clinical characteristics of the malnourished patients without
inflammatory bowel disease1

Patients

n

Age (y)
≤25 1
50–64 5
≥65 7

Sex
Male 7
Female 6

Diagnosis
Dumping syndrome 2
Gastrointestinal motility disorder 3
Intestinal obstruction 2
Ischemic colitis 1
Radiation enteritis-enteral tube feeding problem 1
Short-bowel syndrome 1
Depression-anorexia 1
Intestinal lymphangiectasia2 1
Noninfected progressive bronchiectasis 1

Therapeutic medication
Estrogen and progesterone3 2

BMI (kg/m2)
≤14 3
15–18 4
≥19 6

%WL
≤�30 3
�29 to �10 8
≥�9 1

Duration of weight loss (mo)
≥12 2
11–6 3
≤5 7

1 n = 13; %WL, percentage weight loss at the time of the study.
2 This patient had ascites; therefore, it was not possible to estimate the

%WL at the time of the study or the duration of weight loss.
3 Treatment for menopausal symptoms.

TABLE 2
Physical and clinical characteristics of the malnourished patients with
inflammatory bowel disease (IBD)1

Active Ulcerative
Crohn disease colitis disease

n

Age (y)
≤25 3 2
26–50 6 2
≥65 1 0

Sex
Male 4 3
Female 6 1

Disease duration (y)
≥10 3 2
5–9 4 0
≤1 0 1
New diagnosis 32 1

Previous small-bowel resection 6 1
Localization of IBD
Small intestine 6 1
Small intestine and colon 3 1
Stomach and colon 1 0
Colon 0 2

Ulceration 8 2
Therapeutic medication

Pentasa 0 1
Steroids, oral 4 2
Steroids, intravenous 3 1
Imuran 1 0
Imuran + steroid 1 0
Methotrexate 1 0

BMI (kg/m2)
≤14 1 0
15–18 7 3
≥19 2 1

%WL
�20 to �10 9 4
≥�9 1 0

Duration of weight loss (mo)
6–12 4 0
≤5 6 4

1 n = 14. %WL, percentage weight loss at the time of the study.
2 One patient had edema.

complex I activity in malnourished patients with and without
active IBD with that in the healthy subjects, 2) evaluate the rela-
tion between complex I activity and nutritional assessment indexes
and metabolic rate in both groups of patients, and 3) determine
whether the provision of nutritional support has the same effect
on complex I activity in both groups of patients.

SUBJECTS AND METHODS

The Ethics Committee of St Michael’s Hospital (Toronto)
approved the study protocol, and all subjects gave their informed
consent before the start of the study.

Patients

Because rapid weight loss is a predictor of nutrition-related
complications (20, 21), we selected patients who had lost 10% of
their usual body weight (ie, their premorbid body weight) in the
previous 6 mo or less and who had received no prior nutritional
intervention. Patients were excluded if they had neurologic dis-
ease, bone marrow disorder, renal dysfunction, sepsis, cancer, or
metabolic disease (eg, diabetes). Fourteen malnourished patients

with IBD [7 women and 7 men with a mean (± SD) age of 37 ± 14 y]
and 13 malnourished patients without IBD (6 women and 7 men
aged 63 ± 18 y) were recruited after admission to the Gastroen-
terology Service of St Michael’s Hospital. IBD was diagnosed on
the basis of clinical, endoscopic, radiologic, and histologic crite-
ria. Ten IBD patients had Crohn disease and 4 patients had ulcer-
ative colitis. Because diarrhea due to extensive intestinal resec-
tion can spuriously alter the Crohn’s disease activity index (CDAI)
(22), the CDAI was formally assessed in the 4 Crohn disease
patients who did not have extensive resection of the small intes-
tine, colon, or both. In all 4 patients, the CDAI was markedly ele-
vated at 338 ± 18 (normal < 150). However, the other 10 patients
with IBD had active inflammation on the basis of the clinical cri-
teria of their attending physician. All patients received medical
treatment during the study, including corticosteroids. The charac-
teristics of the patients without and with IBD are shown in
Tables 1 and 2, respectively.
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Three patients without IBD and 1 patient with IBD refused to
have indirect calorimetry performed. It was not possible to meas-
ure body composition in 1 patient without IBD because of the
presence of ascites, and 1 IBD patient and 4 other patients with-
out IBD refused consent for the body composition-measurement.

Control subjects

Forty-two healthy volunteers (23 women and 19 men aged
40 ± 15 y) participated in this study as control subjects. They were
recruited from the hospital staff of St Michael’s Hospital.

Refeeding study

Five of 13 patients without IBD and 6 of 14 patients with IBD
were investigated 7 d after nutritional support had commenced.
Nutritional support was defined as parenteral nutrition, enteral
nutrition, nutritional supplements, or a combination of methods.
The nutritional prescription for each patient was determined by a
clinical dietitian in conjunction with the medical team.

Methods

In control subjects and patients before and after 7 d of refeed-
ing, all measurements were performed after an overnight fast.

Body composition

Height was measured to the nearest 0.1 cm and body weight
to the nearest 0.1 kg with a beam scale. Body mass index (BMI;
in kg/m2) was calculated from weight and height. Whole-body
bioimpedance spectroscopy measurements were performed with
Xitron 4000B (Xitron Technologies, San Diego). Briefly, one
set of electrodes was placed at the wrist and a second set at the
ankle. All measurements were performed on the left side of the
body after the subject had been in a supine position for
10–15 min. Total body resistance, reactance, and impedance
were obtained over a frequency range of 1 kHz to 1.2 MHz. A
computer program supplied by the manufacturer calculated total
body water. The assessment of total body water with this
method was previously validated in healthy subjects (23). Fat-
free mass (FFM) was calculated by using a hydration constant
of 0.73, and fat mass (FM) was calculated as the difference
between body weight and FFM (24).

Indirect calorimetry

After an overnight fast, REE was determined by indirect
calorimetry. Subjects were asked to avoid any exercise from the
evening before the measurement and then to lie quietly in the supine
position for ≥ 30 min before and during the REE measurements.

Respiratory gas exchange (oxygen consumption and carbon
dioxide production) was measured by computerized open-circuit
indirect calorimetry with a ventilated-hood system (Deltatrac
Metabolic Monitor; Datex Instruments, Helsinki). The oxygen and
carbon dioxide sensors were calibrated for accuracy before each
analysis. Measurements were done each minute, and the results
were averaged over periods of 15–20 min when a steady state was
reached. REE was calculated by using the Weir equation (25).

Diet history

For all patients, diet composition and energy intake before
admission were assessed by a 3-d recall dietary history. A record
was kept of all intakes, including enteral and parenteral nutri-
tion over the next week for the 11 patients receiving nutritional
supplementation.

All healthy volunteers were instructed by the dietitian on how
to keep food records and were asked not to change their habitual
food intakes. The participants were asked to record, in as much
detail as possible, all food and beverages consumed over a 3-d
period, including at least one weekend day.

The data on the food records were used to calculate intakes of
energy and protein with a computer program based on food tables
and analyzed by using NUTRIWATCH, a nutrient analysis pro-
gram (WINDOWS version 320; based on the 1997 Canadian
Nutrient File).

PBMC analyses

For PBMC isolation, a venous blood sample (24 mL) was
obtained from each subject and delivered to the laboratory within
1 h of sampling. The PBMCs were isolated by density gradient
centrifugation (26), and all procedures were performed at ambient
room temperature (20–25 �C). After gentle agitation to mix the
blood, an 8-mL aliquot was layered onto a percoll-saline solution.
The solution was prepared as described by the supplier (Amer-
sham Pharmacia Biotech, Baie d’Urfé, Canada): 56.25% Percoll,
37.50% Hank’s Balance Salt Solution, and 0.80% NaCl (vol:vol)
to a final density of 1.06–1.08 kg/L. The layered blood and percoll
solution was centrifuged at 1600 � g for 30 min. The mononu-
clear cells were collected at the interface, washed 3 times with
phosphate-buffered saline (PBS; 20 mmol/L, pH 7.5), and spun at
480 � g for 10 min as described previously (15). The cell pellet
was suspended in 200 �L PBS (20 mmol/L, pH 7.2), sonicated for
15 s (3 bursts of 5 s each) at 300 W on ice, and stored at �70 �C
until analyzed (15).

The protein concentration of the cell suspension was deter-
mined by using the biuret method, and the mononuclear cell sus-
pension was diluted with PBS (20 mmol/L, pH 7.2) to a protein
concentration of 5 g/L and then the samples were frozen and
thawed 3 times to disrupt the mitochondrial membrane.

Enzyme activity was measured spectrophotometrically under
conditions of maximal reaction velocity at an optimal pH and at
room temperature as described below. All assays were performed
in duplicate in a final volume of 1 mL by using a double-beam
spectrophotometer (Spectrophotometer DU Series 600; Beckman
Instruments, Fullerton, CA).

Complex I activity

Complex I activity was measured by following the oxidation of
NADH, determined by the slope of the change in optical density
at 340 nm (27). Briefly, mononuclear cell suspension was added
to a buffer containing PBS (25 mmol/L, pH 7.2), 5 mmol MgCl2/L,
2 mmol KCN/L, 2.5 g bovine serum albumin/L (fraction V), 2 mg
antimycin A/L, 0.13 mmol NADH/L, and 65 mmol ubiquinone 1/L.
The NADH-ubiquinone oxidoreductase activity was measured for
4 min. Then, 2 mg rotenone/L was added, after which the activity
was measured for an additional 3 min. The specific complex I
activity is the rotenone-sensitive NADH:ubiquinone oxidoreduc-
tase (EC 1.6.5.3) activity and is expressed as nmol · min�1 · mg
PBMC protein�1 (15).

We previously showed the linearity of our PBMC complex I
measurement at low and high levels (15). To evaluate the repro-
ducibility, PBMC complex I activity was measured in 3 patients
on 3 occasions at intervals of 1 wk at a time. During this period the
subjects did not receive any nutritional supplementation. The
mean ± SD of the PBMC complex I activity of these 9 measure-
ments was 1.97 ± 0.41 nmol · min�1 · mg PBMC protein�1. The CV

 by guest on January 2, 2017
ajcn.nutrition.org

D
ow

nloaded from
 

http://ajcn.nutrition.org/


EFFECT OF NUTRITION ON COMPLEX I ACTIVITY 1307

TABLE 3
Comparison of total energy and protein intakes, fat-free mass (FFM), fat mass (FM), and resting energy expenditure (REE) between malnourished patients
with and without inflammatory bowel disease (IBD), and the respective age-matched control group1

Age-matched Patients Age-matched Patients
control group without IBD control group with IBD

Total energy intake (MJ/d) 10.6 ± 2.7 [14] 3.6 ± 2.32 [13] 10.8 ± 3.6 [28] 3.9 ± 1.92 [14]
Protein intake (g/d) 111 ± 32 [14] 31 ± 242 [13] 123 ± 54 [28] 42 ± 252 [14]
FFM (kg) 47 ± 11 [14] 34 ± 7 [8] 49 ± 13 [28] 35 ± 92 [13]
FM (kg) 30 ± 7 [14] 12 ± 62 [8] 21 ± 783 [28] 13 ± 72 [13]
REE (MJ/d) 6.8 ± 1.1 [14] 5.5 ± 1.0 [10] 7.5 ± 1.6 [28] 6.0 ± 1.22 [13]

1 x– ± SD; n in brackets.
2 Significantly different from the respective age-matched control group, P < 0.001 (Mann-Whitney U test and Bonferroni correction).
3 Significantly different from the other age-matched control group, P < 0.02 (Mann-Whitney U test and Bonferroni correction).

FIGURE 1. Mean (± SD) complex I activity of peripheral blood mononu-
clear cells (PBMCs) in patients with and without inflammatory bowel dis-
ease (IBD) and in the respective age-matched healthy control group. *Signi-
ficantly different from the respective age-matched control group P < 0.001
(Mann-Whitney U test and Bonferroni correction).

TABLE 4
Nutritional assessment indexes in malnourished patients with and without
inflammatory bowel disease (IBD)1

Patients without IBD Patients with IBD

Weight (kg) 49 ± 14 [13] 48 ± 9 [14]
BMI (kg/m2) 18 ± 4 [13] 17 ± 2 [14]
Usual body weight (kg) 61 ± 13 [13] 59 ± 9 [14]
%WL2 �20 ± 11 [12] �19 ± 6 [14]
%WL/ht2 3 �7.6 ± 4.3 [12] �6.9 ± 2.9 [14]
Duration of weight loss (mo)2 11 ± 16 [12] 5 ± 4 [14]

1 x– ± SD; n in brackets. %WL, percentage weight loss at the time of the
study. There were no significant differences between the groups (Mann-
Whitney U test).

2 Not estimated in one patient because of the presence of ascites.
3 %WL related to height squared.

of complex I activity over 3 wk was 13 ± 6%, indicating that our
measurements were reproducible.

Statistical analysis

All results are presented as means ± SDs. The mean ages of the
patients with and without IBD were 37 ± 14 and 63 ± 18 y, respec-
tively, whereas the mean age of the control subjects was 40 ± 15 y. To
match the age of the patients and the healthy control subjects, 14
healthy control subjects (9 women and 5 men) aged 59 ± 11 y were
selected from the 42 healthy control subjects to match the older age
range of the patients without IBD, and the younger control subjects
were compared with those with IBD. The nonparametric Mann-Whit-
ney U test was used to compare data between the 2 groups of healthy
control subjects and between patients and the respective control
group. For multiple pairwise comparisons, P values obtained after
use of the Mann-Whitney U test were Bonferroni corrected. The non-
parametric Wilcoxon signed-rank test was used to compare patient
data before and after refeeding. The Spearman correlation was used
to determine the relation between complex I activity and other vari-
ables. The STATISTICA 5.0 program for WINDOWS was used for
the statistical analyses (Statsoft, Tulsa, OK).

RESULTS

Body composition, REE, energy and protein intakes, and
PBMC complex I activity in the 2 age-matched control groups

Older control subjects (59 ± 11 y of age), who were age-
matched to patients without IBD, had a significantly higher
BMI than did the younger control subjects (32 ± 7 y of age),

who were age-matched to the IBD patients (28 ± 4 com-
pared with 24 ± 4; P < 0.04). This higher BMI was due to
the fact that the older control subjects had a greater FM than
did the younger control subjects (30 ± 7 compared with 21 ± 7 kg;
P < 0.02; Table 3). Measured REE and energy and protein
intakes were not significantly different between the 2 groups
of control subjects (Table 3). Moreover, PBMC complex I
activity was not significantly different between the 2 groups of
control subjects (Figure 1).

Energy and protein intakes, nutritional assessment variables,
and metabolic rate in malnourished patients with and
without IBD

The mean energy intake was one-third as great in both
groups of patients than in their respective control group
(Table 3). Similarly, the mean protein intake was significantly
lower in both groups of patients (Table 3). The energy and pro-
tein intakes were not significantly different between the 2
groups of patients (Table 3).

The degree of malnutrition assessed on the basis of BMI, body
weight, percentage weight loss (%WL), and body composition
was not significantly different between the 2 groups of patients
(Table 3 and Table 4). Compared with the respective control
group, absolute FFM and FM were significantly lower in the IBD
patients (Table 3). In the malnourished patients without IBD, FFM
and FM were also lower than in the respective control group, but
significantly so for FM only. The relative loss of FM and FFM
were different between patients with and without IBD. Percent-
age FFM was significantly higher (75 ± 10% compared with 61 ± 7%;
P < 0.001) and percentage FM was significantly lower (25 ± 11%
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1308 BRIET ET AL

FIGURE 2. Relation between complex I activity of peripheral blood mononuclear cells (PBMCs) and body weight, BMI, percentage weight loss (%WL) and
%WL relative to height squared (%WL/ht2) in patients with (�) and without (�) inflammatory bowel disease (all patients combined). *Patient with ascites for whom
it was not possible to estimate %WL at the time of the study or the duration of weight loss. **Patient with a normal albumin concentration.

compared with 39 ± 7%; P < 0.001) in patients without IBD
than in the age-matched control subjects. In contrast, percentage
FFM (73 ± 10% compared with 69 ± 9%; NS) and percentage
FM (28 ± 14% compared with 31 ± 9%; NS) were not signifi-
cantly different between the IBD patients and the age-matched
control subjects.

Measured REE (MJ/d) was lower in both groups of patients than
in their respective control group (Table 3), but only the comparison
between IBD patients and age-matched control subjects was signi-
ficant. Moreover, REE related to the FFM was significantly higher in
the IBD patients than in the age-matched control subjects (180 ± 30
compared with 156 ± 30 MJ/kg FFM; P < 0.03) and was not signifi-
cantly different between patients without IBD and age-matched
control subjects (159 ± 21 compared with 152 ± 24 MJ/kg FFM; NS).

Effect of malnutrition on PBMC complex I activity

PBMC complex I activity was significantly lower in both
groups of patients when compared with their age-matched control
groups (P < 0.001) but was not significantly different between the
2 groups of patients (Figure 1).

Correlation between PBMC complex I activity and
nutritional assessment parameters in malnourished patients

The PBMC complex I activity of all patients taken as a single
group was directly correlated with body weight (r = 0.62, P < 0.001)
and BMI (r = 0.65, P < 0.001) and inversely related with %WL

(r = 0.65, P < 0.001) and %WL/ht2 (r = 0.68, P < 0.001; Figure 2).
In addition, these relations were maintained when patient groups
were analyzed separately (data not shown).

PBMC complex I activity did not correlate with FFM but
increased significantly with FM (r = 0.52, P < 0.02; Figure 3). In
contrast, there was no relation between FFM and FM (r = 0.24,
NS). Furthermore, PBMC complex I activity did not correlate with
intakes of energy and protein and REE expressed as MJ/kg body
weight or as MJ/kg FFM.

Effect of 7 d of refeeding on body composition, REE, and
complex I activity

Before nutritional support, the degree of malnutrition evaluated
on the basis of body composition was not significantly different
between the 2 subgroups of patients. After 1 wk of refeeding,
energy and protein intakes increased significantly in both groups
of patients: by �72% for energy and protein in patients without
IBD (P < 0.05) and by �92% and �99% for energy and protein,
respectively (P < 0.03), in patients with IBD.

Correspondingly, complex I activity increased significantly in
both groups of patients after 1 wk of nutritional support (Figure 4).
Compared with the respective control group, complex I activity
was still significantly lower in malnourished patients without IBD
after short-term refeeding. At that time, there were no significant
changes in body composition from day 0 to day 7 (FFM: 34 ± 8
compared with 33 ± 6 kg; FM: 9 ± 4 compared with 10 ± 5 kg) or
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FIGURE 3. Relation between complex I activity of peripheral blood
mononuclear cells (PBMCs) and fat mass in patients with (�) and with-
out (�) inflammatory bowel disease (all patients combined). **Patient with
a normal albumin concentration.

FIGURE 5. Relation between change in complex I activity of periph-
eral blood mononuclear cells (PBMCs) and change in total energy and pro-
tein intakes after 7 d of refeeding in patients with (�) and without (�)
inflammatory bowel disease (all patients combined).

FIGURE 4. Mean (± SD) complex I activity of peripheral blood
mononuclear cells (PBMCs) in patients with and without inflammatory
bowel disease (IBD) and in the respective age-matched healthy control
group before (day 0) and after 7 d of refeeding. *Significantly different
from the respective age-matched control group, P < 0.001 (Mann-Whit-
ney U test and Bonferroni correction). **Significantly different from day
0, P < 0.05 (Wilcoxon signed-rank test). 

in serum albumin (27 ± 9 compared with 26 ± 7 g/L). On the other
hand, the change in complex I activity during the 7-d refeeding
period correlated with the change in energy and protein intakes in
both groups of patients (Figure 5).

DISCUSSION

Effect of malnutrition on PBMC complex I activity

This study is the first to show that clinical protein-energy mal-
nutrition in humans reduces PBMC complex I activity (Figure 1)
and confirms the results observed previously in malnourished rats
(15). Moreover, PBMC complex I activity is directly and quanti-
tatively related to the degree of malnutrition evaluated by changes
in body composition (Figures 2 and 3).

An important question is whether complex I activity is related
purely to reduced dietary intake or reflects the effects of energy
deficit on body metabolism. It is unlikely to be related to reduced
dietary intake per se because complex I activity was only partially
restored by short-term refeeding. Moreover, it was not correlated
with energy and protein intakes on admission, despite the fact that
there was a marked decrease in energy and protein intakes in both

groups of patients at that time. Furthermore, complex I
activity correlated with changes in FM (Figure 3), which is
an excellent index of energy balance, in relation to require-
ments (deficit or surfeit) (28).

The mechanism of reduced PBMC complex I activity may have
been due to either a decrease in the number of mitochondria per
PBMC or to a decrease in complex I activity, mitochondrium, or
both. Our study and other studies did not clearly distinguish
between these 3 possibilities. However, a previous animal study
(15), which showed that complex I activity was restored within
24 h by protein feeding, suggests that altered mitochondrial
enzyme synthesis or catabolism, rather than mitochondrial prolif-
eration, is likely to be the mechanism of nutritional effects. More
work is required to elucidate the cause of changes in mitochondr-
ial complex I activity with malnutrition.

Effect of inflammation on the PBMC complex I activity

Because inflammation causes hypermetabolism (29) and accel-
erates the loss of tissue mass (7), it is possible that in malnour-
ished patients with IBD, PBMC complex I activity may be differ-
ently affected and may not reflect the degree of malnutrition.

The patients with IBD were admitted to the hospital for uncon-
trolled activity of their disease and showed metabolic phenomena
associated with inflammation. They had a proportionate reduction
in FM and FFM due to the well-known effect of cytokines on mus-
cle wasting (30) and a high REE even when adjusted for FFM (11,
31). Despite these differences between the 2 patient groups,
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PBMC complex I activity decreased to the same extent in both
groups of patients (Figure 1), indicating that IBD does not alter
mitochondrial complex I activity disproportionate to the degree of
malnutrition.

Effect of short-term refeeding on complex I activity

In patients with and without IBD, PBMC complex I activity
increased significantly (> 50%) after only 1 wk of refeeding (Fig-
ure 4), but it did not reach the level observed in control subjects.
These data support previous results observed in malnourished rats,
in which we showed that mitochondrial complex I activity in mus-
cle and PBMCs increased significantly after 1 d of refeeding (15).
Moreover, the increase in complex I activity was independent of
the traditional nutritional assessment variables, which did not
change after 1 wk of refeeding in either group of patients.

Because complex I activity increases but does not reach normal
levels with short-term refeeding, the question arises as to whether
longer-term refeeding and normalization of body composition is
necessary for complete restoration of complex I activity. The
results of the current study and other available data do not allow
us to answer this question conclusively. However, 2 lines of evi-
dence favor the conclusion that function and complex I activity
can be normalized before complete restoration of body composi-
tion. We previously observed normalization of muscle function
after 4 wk of refeeding, at which time body weight was 71% of
ideal body weight and body nitrogen was 78% of normal (17).
Because we have shown that the effect of protein-energy deficit
on muscle function is due to a slowing of the ATP resynthesis rate
in stimulated muscle, a mitochondrial function (13). Conse-
quently, the observation given above in relation to the restoration
of muscle function suggests an improvement in mitochondrial
activity. In addition, 7 malnourished patients with different
pathologies were also investigated for 1 mo (before and after 7,
14, and 30 d of refeeding) (32). These preliminary observations
indicate that complex I activity is restored to normal after 1 mo of
refeeding. At that time, there was an improvement in BMI and in
other variables of body composition measured by bioimpedance
spectroscopy, but these variables were still significantly different
between the patients and control subjects. Taken together, these
observations suggest that mitochondrial function may be restored
before restoration of body composition. To convincingly support
the dominant role of protein and energy intakes as being respon-
sible for the normalization of complex I activity, it will be neces-
sary to study a larger population of malnourished patients at var-
ious stages of response to refeeding.

Finally, our study showed a response in complex I activity sim-
ilar to that of nutritional supplementation, irrespective of the pres-
ence of inflammation (Figures 4 and 5). In our clinical study, we
showed a significant correlation between the increase in macronu-
trient intake, specifically of energy and protein, and the increase
in complex I activity after short-term refeeding (Figure 5). These
results are consistent with previous investigations showing a
defect of the peripheral blood leukocyte function (endogenous
pyrogen synthesis) in nonstressed and stressed malnourished
patients. An improvement of the host’s metabolic response was
also observed after a short period of refeeding, which may have
been related to protein intake (33, 34). It seems that the rapid
improvement in mononuclear mitochondrial activity with refeed-
ing may have important therapeutic implications. These findings
suggest that reduced mononuclear function with malnutrition, which
increases the risk of sepsis, may respond rapidly to nutritional

support. Furthermore, our previous observation that protein feed-
ing seems to especially improve mitochondrial function (15) sug-
gests that protein feeding might be especially important in reduc-
ing the risk of sepsis. Several previous studies are consistent with
this possibility (35–39).

Conclusion

Our study is the first to show a quantitative relation between
PBMC complex I activity and the degree of malnutrition. We also
showed that there is a rapid though incomplete improvement in
PBMC complex I activity after 1 wk of refeeding. Moreover, the
presence of active IBD does not seem to significantly influence
these relations.

We are especially grateful to all of the patients and healthy control subjects
who participated in the study. We acknowledge all those involved in conduct-
ing the study at the Gastroenterology Service of St Michael’s Hospital. We are
also especially grateful to Barbara Wendland and Pauline Darling for their sug-
gestions on the manuscript

FB (60%) and KNJ (40%) were responsible for the study design(40%); FB
(60%) and CT (40%) for the data collection; FB (60%), CT (30%), and KNJ
(10%) for the data analysis; and FB (60%), CT (10%), and KNJ (30%) for writ-
ing the manuscript. None of the authors had a conflict of interest.

REFERENCES
1. Kinosian B, Jeejeebhoy KN. What is malnutrition? Does it matter?

Nutrition 1995;11:196–7.
2. Jeejeebhoy KN. How should we monitor nutritional support: struc-

ture or function? New Horiz 1994;2:131–8.
3. Dowd PS, Kelleher J, Walker BE, Guillou PJ. Nutrition and cellular

immunity in hospital patients. Br J Nutr 1986;55:515–27.
4. Kalfarentzos F, Spiliotis J, Velimezis G, Dougenis D, Androulakis J.

Comparison of forearm muscle dynamometry with nutritional prog-
nostic index, as a preoperative indicator in cancer patients. JPEN J
Parenter Enteral Nutr 1989;13:34–6.

5. Chandra RK. Nutrition and the immune system: an introduction. Am
J Clin Nutr 1997;66(suppl):460S–3S.

6. Royall D, Greenberg GR, Allard JP, Baker JP, Jeejeebhoy KN. Total
enteral nutrition support improves body composition of patients with
active Crohn’s disease. JPEN J Parenter Enteral Nutr 1995;19:95–9.

7. Geerling BJ, Stockbrugger RW, Brummer RJ. Nutrition and inflam-
matory bowel disease: an update. Scand J Gastroenterol Suppl 1999;
230:95–105.

8. Geerling BJ, Badart-Smook A, Stockbrugger RW, Brummer RJ. Com-
prehensive nutritional status in recently diagnosed patients with
inflammatory bowel disease compared with population controls. Eur
J Clin Nutr 2000;54:514–21.

9. Geerling BJ, Badart-Smook A, Stockbrugger RW, Brummer RJ. Com-
prehensive nutritional status in patients with long-standing Crohn dis-
ease currently in remission. Am J Clin Nutr 1998;67:919–26.

10. Weinsier RL, Heimburger DC. Distinguishing malnutrition from dis-
ease: the search goes on. Am J Clin Nutr 1997;66:1063–4.

11. Rigaud D, Cerf M, Angel Alberto L, Sobhani I, Carduner MJ, Mignon M.
Increase of resting energy expenditure during flare-ups in Crohn dis-
ease. Gastroenterol Clin Biol 1993;17:932–7.

12. Leonard JV, Schapira AH. Mitochondrial respiratory chain disorders
I: mitochondrial DNA defects. Lancet 2000;355:299–304.

13. Mijan de la Torre A, Madapallimattam A, Cross A, Armstrong RL,
Jeejeebhoy KN. Effect of fasting, hypocaloric feeding, and refeeding
on the energetics of stimulated rat muscle as assessed by nuclear mag-
netic resonance spectroscopy. J Clin Invest 1993;92:114–21.

14. Pichard C, Vaughan C, Struk R, Armstrong RL, Jeejeebhoy KN.
Effect of dietary manipulations (fasting, hypocaloric feeding, and
subsequent refeeding) on rat muscle energetics as assessed by nuclear
magnetic resonance spectroscopy. J Clin Invest 1988;82:895–901.

 by guest on January 2, 2017
ajcn.nutrition.org

D
ow

nloaded from
 

http://ajcn.nutrition.org/


EFFECT OF NUTRITION ON COMPLEX I ACTIVITY 1311

15. Briet F, Jeejeebhoy KN. Effect of hypoenergetic feeding and refeed-
ing on muscle and mononuclear cell activities of mitochondrial com-
plexes I–IV in enterally fed rats. Am J Clin Nutr 2001;73:975–83.

16. Madapallimattam AG, Law L, Jeejeebhoy KN. Effect of hypocaloric
feeding on muscle oxidative phosphorylation and mitochondrial com-
plex I–IV activities in rats. Am J Clin Nutr (in press).

17. Russell DM, Leiter LA, Whitwell J, Marliss EB, Jeejeebhoy KN.
Skeletal muscle function during hypocaloric diets and fasting: a com-
parison with standard nutritional assessment parameters. Am J Clin
Nutr 1983;37:133–8.

18. Rigaud D, Moukaddem M, Cohen B, Malon D, Reveillard V, Mignon M.
Refeeding improves muscle performance without normalization of
muscle mass and oxygen consumption in anorexia nervosa patients.
Am J Clin Nutr 1997;65:1845–51.

19. Castaneda C, Charnley JM, Evans WJ, Crim MC. Elderly women
accommodate to a low-protein diet with losses of body cell mass, mus-
cle function, and immune response. Am J Clin Nutr 1995;62:30–9.

20. Dewys WD, Begg C, Lavin PT, et al. Prognostic effect of weight loss
prior to chemotherapy in cancer patients. Eastern Cooperative Oncol-
ogy Group. Am J Med 1980;69:491–7.

21. Stanley KE. Prognostic factors for survival in patients with inopera-
ble lung cancer. J Natl Cancer Inst 1980;65:25–32.

22. Best WR, Becktel JM, Singleton JW, Kern F Jr. Development of a
Crohn’s disease activity index. National Cooperative Crohn’s Disease
Study. Gastroenterology 1976;70:439–44.

23. Ellis KJ, Wong WW. Human hydrometry: comparison of multifre-
quency bioelectrical impedance with 2H2O and bromine dilution.
J Appl Physiol 1998;85:1056–62.

24. Wang Z, Deurenberg P, Wang W, Pietrobelli A, Baumgartner RN,
Heymsfield SB. Hydration of fat-free body mass: review and critique
of a classic body-composition constant. Am J Clin Nutr 1999;69:
833–41.

25. Cunningham JJ. Calculation of energy expenditure from indirect
calorimetry: assessment of the Weir equation. Nutrition 1990;6:222–3.

26. Boyum A. Isolation of mononuclear cells and granulocytes from
human blood. Isolation of mononuclear cells by one centrifugation,
and of granulocytes by combining centrifugation and sedimentation
at 1 g. Scand J Clin Lab Invest Suppl 1968;97:77–89.

27. Birch-Machin MA, Briggs HL, Saborido AA, Bindoff LA, Turnbull DM.
An evaluation of the measurement of the activities of complexes I-IV

in the respiratory chain of human skeletal muscle mitochondria.
Biochem Med Metab Biol 1994;51:35–42.

28. Kyle UG, Pichard C. Dynamic assessment of fat-free mass during
catabolism and recovery. Curr Opin Clin Nutr Metab Care 2000;3:
317–22.

29. Beisel WR. Herman Award Lecture, 1995: infection-induced malnutrition—
from cholera to cytokines. Am J Clin Nutr 1995;62:813–9.

30. Al-Jaouni R, Hebuterne X, Pouget I, Rampal P. Energy metabolism
and substrate oxidation in patients with Crohn’s disease. Nutrition
2000;16:173–8.

31. Kushner RF, Schoeller DA. Resting and total energy expenditure in
patients with inflammatory bowel disease. Am J Clin Nutr 1991;
53:161–5.

32. Briet F, Twomey C, Jeejeebhoy KN. One month refeeding normal-
ized mitochondrial complex I activity (CI) in malnourished patients
while other nutritional assessment parameters remained abnormal.
Clin Nutr 2000;19:3–4.

33. Hoffman-Goetz L, McFarlane D, Bistrian BR, Blackburn GL.
Febrile and plasma iron responses of rabbits injected with endoge-
nous pyrogen from malnourished patients. Am J Clin Nutr 1981;34:
1109–16.

34. Keenan RA, Moldawer LL, Yang RD, Kawamura I, Blackburn GL,
Bistrian BR. An altered response by peripheral leukocytes to
synthesize or release leukocyte endogenous mediator in criti-
cally ill, protein-malnourished patients. J Lab Clin Med 1982;
100:844–57.

35. Bhuyan UN, Ramalingaswami V. Responses of the protein-
deficient rabbit to staphylococcal bacteremia. Am J Pathol 1972;
69:359–68.

36. Peck MD, Babcock GF, Alexander JW. The role of protein and calo-
rie restriction in outcome from Salmonella infection in mice. JPEN J
Parenter Enteral Nutr 1992;16:561–5.

37. Alexander JW, MacMillan BG, Stinnett JD, et al. Beneficial effects of
aggressive protein feeding in severely burned children. Ann Surg
1980;192:505–17.

38. Cooper WC, Good RA, Mariani T. Effects of protein insufficiency on
immune responsiveness. Am J Clin Nutr 1974;27:647–64.

39. Zaloga GP, Roberts P. Permissive underfeeding. New Horiz 1994;2:
257–63.

 by guest on January 2, 2017
ajcn.nutrition.org

D
ow

nloaded from
 

http://ajcn.nutrition.org/

