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Abstract

Purpose of review—Measurements of whole-body energy expenditure, body composition, and
in vivo metabolic fluxes are required to quantitatively understand involuntary weight loss in
cancer cachexia. Such studies are rare because cancer cachexia occurs near the end of life where
invasive metabolic tests may be precluded. Thus, models of cancer-associated weight loss are an
important tool for helping to understand this debilitating condition.

Recent findings—A computational model of human macronutrient metabolism was recently
developed that simulates the normal metabolic adaptations to semi-starvation and re-feeding.
Here, this model was used to integrate data on the metabolic changes in patients with cancer
cachexia and the resulting computer simulations show how the known metabolic derangements
synergize with reduced energy intake to result in a progressive loss of body weight (BW), fat mass
(FM), and fat-free mass (FFM). The model was also used to simulate the effects of nutritional
support and investigate inhibition of lipolysis versus proteolysis as potential therapeutic
approaches for cancer cachexia.

Summary—Computational modeling is a new tool that can integrate clinical data on the
metabolic changes in cancer cachexia and provides a conceptual framework to help understand
involuntary weight loss and predict the effects of potential therapies.
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Introduction

Involuntary weight loss is a hallmark of advanced cancer and culminates in severe depletion
of skeletal muscle and adipose tissue [1-4]. This condition, called cachexia, is a significant
factor leading to poor quality of life, high mortality and morbidity rates, and poor treatment
response in cancer patients [5,6]. Despite substantial progress elucidating the molecular
signals underlying the state of cachexia [7,8], measurements of whole-body energy
expenditure and metabolic fluxes are required to understand how these signals contribute to
weight loss and altered body composition. An integrative analysis of the comparatively
simple state of semi-starvation involves complex interactions between food intake, energy
expenditure, lipolysis, gluconeogenesis, protein turnover, and substrate utilization [9-13].
Collecting such data in advanced cancer patients is particularly difficult because cachexia
occurs in an end-of-life setting where patient vulnerability limits the invasiveness of
metabolic tests and disease progression limits the number of patients available for follow-up.
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Because of these practical difficulties, models of cancer cachexia are required to better
understand this debilitating condition. Several animal models have been developed that
provide mechanistic insights, but the relevance of these models to the human condition is
sometimes questionable [14].

Recently, a computational model was developed that simulates the normal metabolic
adaptations to semi-starvation and re-feeding [15]. Here, we adapt this model to integrate
clinical data from published metabolic studies in cancer patients. We contrast the state of
cancer cachexia with that of semi-starvation by simulating how the known metabolic
derangements associated with cancer cachexia synergize with reduced energy intake to
result in a progressive loss of body weight (BW), fat mass (FM), and fat-free mass (FFM).
We illustrate the utility of the model by simulating the potential therapeutic effect of
inhibiting adipose tissue lipolysis in cancer cachexia as was recently suggested [16] and
comparing this therapeutic approach with that of inhibiting proteolysis. We also examine the
effects of nutritional support introduced at various stages during the progression of cancer
cachexia.

Simulation of Semi-starvation

We adapted a previously published computational model of human macronutrient
metabolism in healthy young men [15]. The initial conditions of the simulation were
selected to realistically represent a cancer patient prior to disease onset: a 69 year old man
with an initial body weight of 77.7 kg and 32% body fat corresponding to a body mass index
(BMI) of 26.1 kg/m? and the resting metabolic rate (RMR) was 1606 kcal/d (or 30.6 kcal/kg
FFM/d) [17]. We assumed a moderate physical activity level (PAL) of 1.5 and a balanced
metabolizable energy intake of 2400 kcal/d consisting of 50% carbohydrate, 35% fat, and
15% protein. These baseline criteria were used as a point of departure to simulate the effects
of semi-starvation by linearly decreasing the metabolizable energy intake from the balanced
value of 2400 kcal/d at the start of the simulation to 1700 kcal/d after 12 months
corresponding to the average energy intake reported for advanced cancer patients [18,19].
Since semi-starvation has been shown to decrease physical activity [12,20] [21], we
progressively reduced the corresponding model parameter by 40% which also simulated a
realistic reduction of physical activity observed in cancer patients [22-24].

Simulation of Cancer Cachexia

Isotopic tracer methodologies have been used to measure important alterations of whole-
body metabolic fluxes associated with cancer cachexia and the average reported values of
the primary metabolic changes are listed in Table 1. These metabolic changes were
implemented in the computational model to simulate the metabolic derangements of cancer
cachexia over-and-above the parallel decreases of energy intake and physical activity with
semi-starvation. All other simulated metabolic changes were downstream consequences of
these primary defects.

Cancer cachexia results in an increase of whole-body lipolysis by an average of 50% [25-
29] and the whole-body proteolysis rate is enhanced by an average of 40% [30-34]. To
simulate these changes, the model’s equations for the lipolysis and proteolysis rates, Dg and
Dp respectively, were adapted as follows:

D,=D, [ f(FM,CI)+5, x 1]
D,=D, [g(P)+5, x 1]

Curr Opin Clin Nutr Metab Care. Author manuscript; available in PMC 2009 June 8.
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where D and Dp were the basal daily rates of lipolysis and proteolysis, respectively, and
the functions f and g determined how changes of FM, body protein content (P), and
carbohydrate intake (CI) altered the daily lipolysis and proteolysis rates (f =g = 1 for a
balanced baseline diet and body composition). Normally, the coefficients Jr and dp are set
equal to zero, but to implement the progressive increase of lipolysis and proteolysis with
cancer cachexia we set Jg = 0.5 years ™1 and dp = 0.6 years 1. Note that the daily lipolysis
and proteolysis rates continued to adapt to the changes of body composition and diet as
defined by the functions f and g, details of which can be found in a previous publication
[15].

Another primary metabolic defect of cancer cachexia is the increased rate of whole-body
glycolysis and the concomitantly augmented rate of gluconeogenesis from the produced
lactate — an energy requiring process known as the Cori cycle. We modeled the energy cost
of Cori cycle activity by accounting for the 6 ATP required for each glucose molecule
recycled. The baseline Cori cycle flux was estimated to be 20 g/d, corresponding to 14% of
hepatic glucose production, and was linearly increased by 4-fold (along with
glycogenolysis) over the 12 month simulation [35].

Rather than allowing the normal decrease of liver mass with weight loss, the liver mass was
preserved at its baseline value of 1.8 kg [36] resulting in a constant energy expenditure of
360 kcal/d [37]. The tumor mass was increased to 200 grams [38,39] and we assumed that
the tumor specific metabolic rate was 150 kcal/kg/d [40]. The downstream effects of the
imposed metabolic changes resulted in dynamic alterations of RMR, substrate utilization,
gluconeogenesis (GNG), as well as body weight and composition.

Whole Body Metabolic Fluxes during Semi-Starvation and Cancer

Figure 1 illustrates the simulated changes of whole-body metabolic fluxes that occurred with
semi-starvation alone and the additional impact of the cancer-associated metabolic
derangements. During weight loss the changes of body compaosition impact the absolute
fluxes of lipolysis and proteolysis as described by the above equations, so we expressed the
fluxes per unit body weight. After 12 months the proteolysis rate per kg BW was increased
by 40% with cancer cachexia (Fig 1A, solid curves) versus semi-starvation alone (dotted
curves). Cancer cachexia increased the whole-body lipolysis rate per kg BW by 50% after
12 months (Fig 1B) versus semi-starvation alone. Whereas these alterations were the direct
result of model parameter changes simulating the observed changes in cancer cachexia, their
downstream consequence was an increased supply of gluconeogenic precursors and a
resulting 40% increase of GNG from amino acids and glycerol (Figure 1C) which is well
within the range reported by Tayek et al. [35].

Energy Expenditure Changes during Semi-starvation and Cancer

Additional downstream consequences of the primary metabolic changes are depicted in
Figure 2, including the relative increase of total energy expenditure and RMR with cancer
cachexia (solid curves) versus semi-starvation alone (dotted curves). Figure 2A shows the
simulated progressive reduction of energy intake (dashed line) and the acceleration of
negative energy balance as the energy intake was linearly decreased from its balanced value
of 2400 kcal/d to 1700 kcal/d over the year. The total energy expenditure decreased in both
semi-starvation and cancer cachexia simulations, but the widening energy gap between
intake and expenditure was more severe with cancer cachexia.

Figure 2B demonstrates that the absolute RMR in semi-starvation decreased over time
whereas cancer cachexia resulted in the absolute RMR generally being maintained. Total
energy expenditure decreased during semi-starvation both due to reductions of physical
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activity as well as adaptations of resting metabolism, but total energy expenditure decreased
in cancer cachexia primarily because of reduced physical activity. This conforms to
published data on total energy expenditure and RMR in patients with cancer cachexia versus
healthy control subjects not losing weight [22-24].

Figure 2C demonstrates that the RMR per kg FFM slowly decreased with semi-starvation
but progressively increased with cancer cachexia. The relative increase of RMR in the
simulation of cancer cachexia was the result of increased substrate turnover and GNG, as
well as an increased proportion of the body comprising tissues with a high specific
metabolic rate (i.e., tumor and liver) in the face of a concurrent decrease in the mass of
tissues with low specific metabolic rate (i.e., muscle and adipose tissue). The simulations
compared favorably with the data of Fearon et al. who observed that after 7 months of
progressive malignant disease, lung cancer patients had an RMR that was 3 kcal/kg FFM/d
greater than weight-losing subjects without cancer [31]. Thus, cancer cachexia results in a
persistent state of relative hyper-metabolism and hyper-catabolism [1,2,4], especially in
patients with evidence of inflammation [41]. In contrast, semi-starvation causes a decline of
RMR that attenuates weight loss [12,20] [21].

Body Composition Changes during Semi-starvation and Cancer

Figure 3A shows that semi-starvation caused a progressive loss of BW reaching 5.8 kg after
one year. However, the additional metabolic derangements of cancer cachexia resulted in
twice as much weight loss (11.8 kg) over the same interval. About half of the overall weight
loss was accounted for by loss of FFM in both semi-starvation and cancer cachexia (Figures
3B, 3C). The relative loss of FFM versus FM can depend on the initial body composition
and magnitude of weight loss [42], as well as physical activity or the protein content of the
diet [43]. Nevertheless, our simulation results are consistent with the average relative body
composition changes observed in patients with cancer cachexia versus normal healthy
subjects [36,44-46].

The simulated changes of body composition are the consequence of macronutrient
imbalances resulting from a mismatch between macronutrient intake and multiple
interrelated elements of whole-body metabolism [15]. Whereas the macronutrient intake was
the same in semi-starvation and cancer cachexia simulations, the elevated total energy
expenditure in cancer cachexia resulted in a greater energy deficit leading to increased tissue
catabolism. The amount of fat versus protein catabolism in the model results from the
altered metabolic fluxes and substrate competition in metabolically active tissues. These
processes are mediated by complex endocrine mechanisms that continue to be actively
investigated and the computational model simulates the consequence of these metabolic
changes, whatever their underlying mechanism.

Simulated Effect of Lipolysis Inhibition in Cancer Cachexia

The computational model can be used to predict the effects of an intervention that modifies
one or more of the whole-body metabolic fluxes. For example, it was recently suggested that
a potentially useful therapy for cancer cachexia would be to decrease the abnormally high
adipose tissue lipolysis rate via a hormone sensitive lipase inhibitor [16]. We simulated such
a therapy by progressively inhibiting lipolysis up to a maximum of 50% after 12 months
while maintaining the other metabolic changes of cancer cachexia (i.e., we set the parameter
O = —0.5 years™1).

Figure 4A illustrates that inhibiting lipolysis (dotted curve) resulted in no significant
attenuation of weight loss versus untreated cachexia (solid curve). However, lipolysis
inhibition had the intended effect of preserving body fat mass (Fig 4B), but at the expense of
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an increased deterioration of lean body mass (Fig 4C). This is a particularly troubling
prediction since skeletal muscle wasting would likely contribute the bulk of the additional
lean mass loss. Closer examination of the simulation results showed that the underlying
physiological mechanism was that lipolysis inhibition reduced the supply of fatty acids for
oxidation and therefore increased protein catabolism was required to meet energy needs
despite the fact that total energy expenditure was indeed reduced towards that of semi-
starvation alone (not shown). This example illustrates that despite having the desired effect
on preserving fat mass, lipolysis inhibition may have unintended and adverse metabolic
consequences that are predicted using a computational model.

Effect of Proteolysis Inhibition in Cancer Cachexia

We simulated proteolysis inhibition by not allowing the increase of whole body proteolysis
that typically occurs along with the other metabolic derangements of cancer cachexia (i.e.,
we set the parameter dp = 0 years™1). The dashed curve in Figure 4A illustrates that
inhibiting proteolysis resulted in an attenuation of weight loss despite a slightly increased
deterioration of body fat mass (Fig. 4B). Proteolysis inhibition resulted in a significant
preservation of lean body mass (Fig 4C) suggesting that such an intervention may be a good
therapy for maintenance of skeletal muscle mass and strength in patients with cancer
cachexia. However, such a benefit may come at the price of a slightly increased rate of body
fat loss.

effects of Normalizing Food Intake

Rather than continuing to allow food intake to fall, we simulated the effects of normalizing
intake to the baseline level of 2400 kcal/d after 3, 6, or 9 months of cachexia progression.
Normalizing food intake after 3 months (Fig 5A; dashed dotted curve) caused a slowing of
weight loss compared with the continued progression of cachexia and anorexia (solid line).
Normalization of food intake after 6 months (dashed curves) halted the fall of BW and
increased FM, but FFM continued to fall after a transient increase. In contrast, both FM and
FFM increased when food intake was normalized after 9 months (dotted curves).

These simulations suggest that weight loss can be halted or partially reversed depending on
the timing of nutritional support. Weight gain was observed when food intake was
normalized after 9 months but not after 3 or 6 months. Importantly, the asymptotic final
body weight and composition are mathematically independent of when nutritional
normalization is initiated. Therefore, weight gain was observed with late nutritional support
only because significantly more weight loss was allowed to occur prior to the intervention.
Rather than being a sign of therapeutic success, weight gain may reflect a failure to
introduce nutritional support soon enough.

Conclusion

There is a paucity of data on the longitudinal changes of whole-body metabolism and body
composition in patients with progressive cancer cachexia. Unfortunately, it would be
prohibitively difficult and invasive to attempt a comprehensive study in such patients that
includes measurements of whole body metabolic fluxes, energy expenditure, physical
activity, food intake, and body composition change. In the absence of such a study, the best
we can do is piece together information from separate studies to help understand this
complex and serious disorder.

We used a computational model to integrate a variety of published data on the primary
metabolic changes that occur in cancer cachexia: including increased proteolysis, lipolysis,
Cori cycling, tumor growth, and maintenance of liver mass. We introduced these defects
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linearly over a 12 month period along with reductions of food intake and physical activity.
These metabolic changes may be sufficient to explain the observed increases of RMR and
GNG in cancer cachexia since the simulated RMR and GNG rates were consistent with
existing data [31,35] and were the downstream consequence of the primary metabolic
parameter changes. Furthermore, the simulated relative changes of FFM and FM were
consistent with body composition changes observed in cancer patients versus normal
subjects [36,44-46].

While computational models of cancer cachexia provide a useful conceptual framework for
integrating clinical data, we caution against the use of such models to predict the clinical
course of an individual patient. In fact, our model suggests that the high inter-individual
variability of the primary metabolic defects, along with the variability of food intake,
physical activity level and initial body composition, can have a significant impact on the
projected severity and pattern of wasting. Since it would be impractical to attempt to
measure all of these parameters in an individual patient, the computational model is best
applied to help understand and predict average responses and investigate the sensitivity of
these responses to changes in model parameters.

Computational models can be used to investigate the potential therapeutic benefits of
various interventions. For example, our simulations offered an explanation of the clinical
observation that orexigenic drug treatments or aggressive nutritional support tend to
attenuate the rate of weight loss, but rarely result in significant weight gain or weight
normalization [47,48]. These conclusions underscore the limitations of applying nutritional
support as a sole therapy since unabated metabolic changes can undermine their efficacy.

We also simulated the effects of inhibiting proteolysis and lipolysis as potential treatments
for cancer cachexia. Importantly, the computational model is not a black box and was used
to understand the physiological basis of each prediction. The simulations suggest that
proteolysis inhibition may be a reasonable therapeutic target for cancer cachexia in patients
with appreciable fat reserves. In contrast, inhibiting lipolysis may not be a good therapeutic
target because the decreased supply of fatty acids during negative energy balance
necessitated greater protein catabolism to meet the energetic needs and would likely result in
significant deterioration of skeletal muscle mass.

Computational model simulations alone should not be used to rule out a potential therapeutic
target; however such models provide a useful tool for clinical study design. For example,
our simulation of lipolysis inhibition in cancer cachexia suggests that nitrogen balance and
urinary creatinine measurements should be performed during any clinical trial of lipolysis
inhibition since such measurements may provide an early indication of increased muscle
wasting as predicted by the model. Thus, in addition to providing a conceptual framework
for integrating clinical data, computational models are also an important tool for helping
design clinical investigations as well as to improve our understanding of the complex
metabolic state of cancer cachexia.
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BW body weight

GNG gluconeogenesis

FFM body fat-free mass

FM body fat mass

PAL physical activity level

RMR resting metabolic rate
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Figure 1.

Simulated whole-body metabolic fluxes during progressive semi-starvation alone (dotted
curves) or with the additional metabolic derangements of cancer cachexia (solid curves).
Cancer cachexia versus semi-starvation resulted in increased rates of (A) proteolysis, (B)
lipolysis and (C) gluconeogenic rates (GNG) from amino acid and glycerol precursors.
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Figure 2.

Simulated changes of energy expenditure during progressive semi-starvation alone (dotted
curves) or with the additional metabolic derangements of cancer cachexia (solid curves). (A)
Total energy expenditure decreases over time as energy intake was progressively decreased
(dashed line), but cancer cachexia resulted in an increased total energy expenditure when
compared with semi-starvation alone. (B) Absolute resting metabolic rate (RMR) fell during
semi-starvation alone, but was approximately maintained during progression of cancer
cachexia. (C) RMR corrected for fat free mass (FFM) markedly increased in cancer cachexia
whereas semi-starvation alone caused a modest decline of RMR per kg FFM.
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Figure 3.
Simulated changes of body weight and composition during progressive semi-starvation

alone (dotted curves), or with the additional metabolic derangements of cancer cachexia
(solid curves). (A) Cancer cachexia resulted in twice as much body weight lost versus semi-
starvation alone. (B) Cancer cachexia resulted in twice as much body fat mass (FM) lost
versus semi-starvation alone. (C) Cancer cachexia resulted in twice as much fat-free mass
(FFM) lost versus semi-starvation alone.
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of body weight and composition during cancer cachexia (solid curves),

cancer cachexia with the inhibition of lipolysis (dotted curves), or cancer cachexia with the
inhibition of proteolysis (dashed curves). (A) Lipolysis inhibition did not significantly
impact the weight loss of cancer cachexia, but proteolysis inhibition attenuated weight loss.
(B) Lipolysis inhibition tended to preserve FM during cancer cachexia, but proteolysis

inhibition caused a

further loss of FM. (C) Lipolysis inhibition exacerbated the loss of FFM

during cancer cachexia, but proteolysis inhibition tended to preserve FFM.
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Figure 5.
Simulated effects of normalizing food intake after 3, 6, and 9 months of cancer cachexia.

(A) The expected fall of BW with cancer cachexia (solid line) was attenuated when food
intake was normalized after 3 months (dashed dotted curve). But weight loss was halted
when intake was normalized after 6 months (dashed curve) and BW increased when intake
was normalized after 9 months (dotted curve). (B) Normalization of food intake at all three
time points caused FM to increase. (C) FFM continued to decrease after food intake was
normalized at 3 and 6 months, but FFM increased when intake was normalized after 9
months. The asymptotic BW and composition are mathematically independent of when the
nutritional support is delivered.
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Model parameter changes to simulate the primary metabolic alterations in cancer cachexia

Model Parameter | Change versus Normal | References
Lipolysis Rate +50 + 30% [25-29]
Proteolysis Rate +40 £ 10% [30-34]
Cori Cycle +300 + 100% [35]

Liver Mass Maintained at 1.8 kg [36]
Tumor Mass 200 +100¢g [38,39]
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