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Abstract
Background & Aims—Cancer and oncological therapy are associated with a progressive physical
deterioration, malnutrition, and enhanced inflammatory burden. Our considerable data showing the
strong anabolic potential of amino acids led us to test whether amino acids can acutely stimulate
muscle protein synthesis in cancer patients (CA) undergoing intense chemotherapy.

Methods—Mixed muscle fractional synthesis rate (FSR), rates of phenylalanine appearance and
disappearance (Ra and Rd), and net phenylalanine balance (NB) were measured during a primed
constant infusion of L-[ring-2H5]phenylalanine. Blood and muscle tissue samples were collected in
the basal state and following ingestion of 40 g of amino acids (AA) given in 30 mL boluses every
10 minutes for 3 hours. Serum and tissue cytokines and NF-κB expression in skeletal muscle were
measured and compared to normative, healthy older controls (OC).

Results—Skeletal muscle TNF-α, IL-6, and NF-κB were elevated in CA. FSR and model-derived
protein synthesis (Rd) increased significantly from basal to AA (FSR: 0.052 ± 0.009 vs. 0.120 ±
0.008 %•h-1, P<0.001; Rd: 23.1 ± 4.1 vs. 36.4 ± 5.0 nmol•min-1•100mL leg-1, P≤0.05). Model-
derived protein breakdown (Ra) remained unchanged from basal to AA.. Phenylalanine NB improved
from a negative basal value (-16 ± 2) to zero (0.8 ± 6 nmol•min-1•100 ml leg-1, P≤0.05) following
AA.

Conclusion—Despite advanced cancer, ongoing therapy, and an enhanced inflammatory burden,
amino acids were capable of acutely stimulating muscle protein synthesis in these patients.
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INTRODUCTION
Cachexia adds a significant burden to the health of already compromised cancer patients,
decreasing quality of life and increasing mortality.1 Phenotypically, this condition is
characterized by a rapid and unwanted loss in lean body mass and fat mass. In a typical
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individual, a loss of 30% of total body weight reflects a 75% loss of skeletal muscle protein2
and without immediate therapeutic intervention, often leads to death.3, 4 Thus, maintaining
lean tissue mass and preventing loss of lean muscle tissue is a high priority in the fight against
cancer.

The functional impairments characteristic of cancer-related muscle loss are similar, albeit more
rapid in onset, to those consistent with age-related sarcopenia.3 Metabolic abnormalities
common to both cancer cachexia and sarcopenia include hormone dysregulation,1, 5 increased
insulin resistance,1, 4, 6 increased muscle proteolysis,3, 7, 8 decreased muscle protein
synthesis,9 elevated synthesis of acute phase proteins,1, 4 and elevated cytokines1, 3-6,
10-15. Despite these commonalities, the mechanisms behind the rapid loss of muscle mass
associated with cachexia, in contrast to the progressive declines seen with sarcopenia, remain
poorly understood. Stable isotope tracer methodologies provide a unique opportunity to
measure the in vivo rates of skeletal muscle protein synthesis and breakdown16 in response to
physical,17, 18 nutritional,19-23 or pharmacologic interventions.24, 25 In the case of cancer
cachexia, these techniques may yield critical information regarding the mechanisms underlying
muscle wasting, and directly assess the efficacy of anti-cachectic interventions.

Considerable debate remains over how host- and tumor-derived factors interact with
intracellular signaling mechanisms to disrupt skeletal muscle protein balance. Recently, NF-
κB-dependent muscle wasting was found to be activated by late-stage cancer or by chronic
inflammation.26 Further, activation of NF-κB by pathogen associated molecules such as
tumor-derived factors and cytokines4, 27 is an important first step in the intracellular signaling
pathway leading to activation of NF-κB mediated muscle protein breakdown.1, 4, 27 More
recently, evidence suggests that expression of pro-cachectic cytokines such as TNF-α and IL-6
may also be responsible for regulating skeletal muscle protein synthesis by down regulating
either IGF-I or inhibiting signaling components of anabolic pathways controlled by IGF-I, Akt
and mTOR.27 However, despite this recent evidence, it is not known how cancer or the
concomitant inflammatory process affects in vivo skeletal muscle metabolism. Specifically,
we do not know if the skeletal muscle of cancer patients responds to acute nutritional stimuli
known to be anabolic in healthy young and older individuals.

Oral amino acids are acutely anabolic to skeletal muscle in healthy individuals. We recently
showed that while age-related differences exist in the time course of the anabolic response,
ingestion of amino acids results in muscle protein anabolism in both young and elderly.20,
21 We hypothesized that ovarian cancer patients can similarly benefit from oral amino acids
administered in small boluses. In the present study we sought to determine if amino acid
ingestion could acutely stimulate muscle protein synthesis in women with advanced or
recurrent ovarian cancer undergoing oncological therapy. We concomitantly measured the
expression of serum and skeletal muscle cytokines and NF-κB and compared our findings to
healthy older controls.21

SUBJECTS AND METHODS
Subjects and Methods

Six patients with FIGO stage IIIC ovarian cancer (CA) (47±5 y, 59±6 kg, 1.60±0.03 m, 22±3
BMI) classified as cachectic based upon having lost more than 10% of their pre-morbid weight
participated in this study. Informed written consent was obtained on all subjects using consent
forms approved by the UTMB Institutional Review Board (IRB). Eligible patients were
diagnosed with ovarian cancer, stage IIIC, either undergoing primary therapy or therapy for
recurrence. All patients were at least 6-months post-surgery at the time of the study and received
combination chemotherapy with Paclitaxel 175 mg/m2 and Carboplatinum, AUC= 5. All
patients were on a 21-day chemotherapy cycle. Patients were admitted to the hospital on day
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19, and studied on day 20. Patients received scheduled chemotherapy on day 21 and were
discharged the following day (day 1 of the next cycle). To demonstrate the acute response of
skeletal muscle to amino acids (AA) in CA, each patient served as their own control (i.e., basal
vs. AA). For purposes of making normative comparisons about inflammatory markers, CA
were compared to a group of healthy older controls (OC) previously shown to be responsive
to the exact oral amino acid composition used in this experiment.21 Finally, no study related
complications occurred in the performance of this clinical study protocol.

Experimental Protocol
Metabolic studies were conducted over an 8 h period following an overnight fast (Figure 1).
At 0600 hours the morning of the study, polyethylene catheters were inserted into the forearm
vein for infusion of labeled phenylalanine, in the wrist vein of the opposite hand for arterialized
blood sampling and into the femoral artery and vein of one leg for blood sampling. Blood
samples were collected for determination of background phenylalanine enrichment and
concentration before starting a primed (2 μmol/kg) continuous infusion of L- [ring-2H5]
phenylalanine (0.05 μmol•kg-1•min-1) from time 0 to 480 minutes (Figure 1). Muscle biopsy
samples (80-100 mg) were collected from the vastus lateralis muscle using a 5 mm Bergström
biopsy needle at 120, 300 and 480 min. Samples were frozen in liquid nitrogen and stored at
-80°C. At 230 and 420 min a continuous infusion of indocyanine green (ICG) was started into
the femoral artery and maintained for 20 min to calculate leg blood flow as previously
described.28 Amino acids were ingested in small boluses (30 mL) every 10 min from 300 to
480 min (Figure 1) to facilitate gastric accommodation and to prevent bloating and nausea
common in this patient population. The mixture contained 40 g of essential and nonessential
amino acids dissolved in 540 mL of distilled water containing sugar-free flavor (Crystal Light,
Kraft Foods, White Plains, NY) (Table 2). The proportion of amino acids in the mixture was
selected because it closely resembles that of meat protein29 and because it had previously been
shown to be strongly anabolic in a group of healthy older controls.21

Analytical Methods
Phenylalanine enrichments and concentrations in blood and muscle samples were analyzed
using gas-chromatography mass-spectrometry (GCMS) (Hewlett Packard, Palo Alto, CA) as
previously described.25, 30 Protein-bound phenylalanine enrichment was analyzed with
GCMS after protein hydrolysis and amino acid extraction16, using the external curve approach
for low enrichments.30, 31 High sensitivity C-reactive protein (hsCRP) was analyzed using
an Immulite 2000 chemiluminescence immunoassay analyzer (DPC, Los Angeles, CA).
Skeletal muscle cytokines were determined with commercially available multiplexed
biomarker immunoassay kits (Linco Research Inc., St. Charles, MO). All other blood measures
were performed by the UTMB Clinical Laboratory.

Western immunoblot analysis of NF-κB
Cytosolic extracts were prepared from baseline (120 min) muscle tissue for the analysis of NF-
κB. Briefly, whole cell extract was prepared from muscle biopsy samples by slicing frozen
human muscle into small pieces with a clean razor blade and thawing the tissue in lysis buffer
(150 mM NaCl, 10 mM Tris, 1% Triton X-100, 1% Na deoxycholate, 0.1% SDS, 5 mM EDTA)
containing protease inhibitors (1 mM phenylmethylsulfonyl fluoride, 1 mM benzamidine,10
μg/ml aprotinin, 50 μg/ml leupeptin, 1 μg/ml pepstatin A) at a concentration of 3 ml of ice cold
lysis buffer per gram of tissue. Tissues were homogenized with a Dounce homogenizer (4°C)
and centrifuged at 15,000 g for 20 min, and the supernatants were removed and discarded.
Bradford assays were performed for determination of protein concentration of cytosolic
extracts. Tissue lysates were electrophoresed on 10% SDS-PAGE gel loaded with 40 μg protein
in each well. Immunoblots were incubated with NF-κB p65 (H-268) antibody (Santa Cruz
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Biotechnology). Chemiluminescence was recorded on Kodak film and analyzed with ImageJ
software. Protein loading was evaluated using β-actin.

Calculations
Phenylalanine was selected to trace muscle protein kinetics because it is neither produced nor
metabolized in skeletal muscle. Mixed muscle FSR was calculated by measuring the direct
incorporation of L-[ring-2H5]phenylalanine into protein, using the precursor-product model:

FSR = (EP2 − EP1) / (EM ⋅ t) • 60 • 100 ( % • h−1)

where EP1 and EP2 are the enrichments of bound L-[ring-2H5]phenylalanine in consecutive
muscle biopsies, t is the time interval between biopsies and EM is the mean L-[ring-2H5]
phenylalanine enrichment in the muscle intracellular pool.21, 32 Data are expressed as %
•h-1.

Protein synthesis (Rd) protein breakdown (Ra) and net phenylalanine balance (NB) were
calculated as follows:

Rd = (Ca • Ea − Cv • Ev) / (Ea • BF) (nmol • min−1 • 100ml leg−1)

Ra = Rd − NB(nmol • min−1 • 100ml leg−1)

NB = (Ca − Cv) • BF(nmol • min−1 • 100ml leg−1)

where Ca and Cv represent the phenylalanine concentrations in the femoral artery and vein,
respectively.16 BF represents leg blood flow, as determined by the ICG dye dilution method.
28 Leg volume was determined anthropometrically33. Data are expressed as nmol • min-1 •
100ml leg-1.32

Statistical Methods
Statistical analyses were performed using SPSS 13.0 (SPSS Inc.) and Microsoft Excel
(Microsoft Corporation). Student t-tests were used to calculate differences between basal and
amino acids (paired) and between CA and OC (unpaired). P≤0.05 was chosen to indicate
statistical significance.

RESULTS
Blood Chemistry

Laboratory measures were collected to assess nutritional status and cancer inflammatory
burden (Table 1). Serum albumin levels, an index of malnutrition, measured in the low normal
range in CA. CA-125, a cancer tumor marker was significantly elevated above the normal
reference range in CA (P=0.037). High sensitivity C-reactive protein levels measured in CA
were in the high normal range, suggestive of low-grade systemic inflammation.

Leg Blood Flow
Leg blood flow in CA remained unchanged from basal to AA (3.55±0.46 vs. 3.54±0.50
mL•min-1•100mL•leg-1).

Phenylalanine Concentration and Enrichment
As expected, arterial phenylalanine enrichments fell sharply in the early portion of AA
ingestion, while phenylalanine concentrations rose in the expected fashion (Figure 2).
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Mixed Muscle Fractional Synthesis Rate (FSR)
Mixed muscle FSR increased significantly from a basal value of 0.052 ± 0.009 to 0.120 ± 0.008
%•h-1 over the 3 h AA period (P=0.001) (Figure 3).

Protein synthesis (Rd)
Rd, a model-derived index of muscle protein synthesis increased from basal to AA in CA (23.1
± 4.1 vs. 36.4 ± 5.0 nmol•min-1•100 mL leg-1, P≤0.05) (Figure 4).

Protein breakdown (Ra)
Ra, a model-derived index of muscle protein breakdown remained unchanged in CA following
AA (38.6 ± 3.7 vs. 35.6 ± 7.2 nmol•min-1•100 mL leg-1) (Figure 4).

Net Phenylalanine Balance (NB)
Net phenylalanine balance shifted from net negative to zero (-16±2 vs. 0.8±6 nmol•min-1•100
mL•leg-1, P≤0.05) over the last hour of AA ingestion (Figure 5).

Western blot of NF-κB p65
NF-κB p65 expression was significantly greater in CA as compared to OC (P=0.0000001)
(Figure 6).

DISCUSSION
Cancer demands aggressive chemotherapy often resulting in a progressive deterioration in
nutritional status, severe protein loss, muscle wasting, and generalized weight loss. Preventing
or reversing muscle loss and the cachexia syndrome is a critical part of the intervention process
and requires ongoing vigilance throughout the phases of cancer treatment. In the past few years,
we have demonstrated a strong theoretical rationale for the use of amino acids in clinical
populations suffering from muscle wasting.19-21 Our data in both healthy young and old show
amino acids capable of acutely stimulating muscle protein synthesis.19-21 More importantly,
we have shown that these acute anabolic benefits translate into the maintenance of lean muscle
mass during an otherwise catabolic period of prolonged inactivity.34 Nevertheless, we did not
know if a simple amino acid supplement is capable of acutely stimulating muscle protein
synthesis in women undergoing aggressive oncological therapy for advanced and recurrent
ovarian cancer.

Several similarities were observed between these cancer patients and healthy older subjects
that followed the identical study protocol. 21. Leg blood flow and FSR were similar between
OC and CA in both the basal state and after AA ingestion. While arterial phenylalanine
enrichments were similar, we observed lower arterial concentrations in CA when compared to
the OC in both the basal (48.3 ± 3.8 vs. 59.1 ± 2.1 nmol/mL, CA vs. OC) and AA periods (92.8
± 3.3 vs. 120 ± 8.3 nmol/mL, CA vs. OC) (P≤0.05). Additionally, the increase in muscle protein
synthesis (Rd) from basal to AA was smaller in CA (23.1 ± 4.1 vs. 36.4 ± 5.0 nmol•min-1•100
mL leg-1, P≤0.05), than seen in OC (32.76 ± 7.93 vs. 57.15 ± 8.79 nmol•min-1•100 mL leg-1,
P≤0.01). Muscle protein breakdown (Ra) however was unchanged in response to AA and
similar to that previously noted in OC (48.61 ± 9.58 vs. 41.11 ± 8.81 nmol•min-1•100 mL
leg-1. Together, these findings resulted in a slightly less positive shift in the NB of CA following
AA (-16±2 vs. 0.8±6 nmol•min-1•100 mL•leg-1) compared to OC (-16 ± 5 vs. 16 ± 4
nmol•min-1•100 mL•leg-1, P≤0.05).

Our findings suggest that amino acids are acutely anabolic to the skeletal muscle of these
metabolically dynamic cancer patients, albeit to a smaller extent than seen in healthy older
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subjects. Additionally, we showed that this amino acid-induced anabolism in cancer patients
could be attributed to a stimulation of muscle protein synthesis, because muscle protein
breakdown remained unchanged. These data are essential in understanding the mechanisms
that regulate the loss of muscle mass with cancer and its associated therapies.

In broadest terms, changes in lean muscle mass are a function of the relationship between
muscle protein synthesis and breakdown. With cancer, disruption of this kinetic balance is
affected not only by the inflammatory burden that accompanies cancer, but also by the various
therapeutic interventions. Indeed, some have suggested that the primary factor driving cancer
cachexia is enhanced protein degradation occurring through the ubiquitin-proteasome pathway.
4, 35-37 This pathway is stimulated by inflammatory biomarkers such as TNF-α and NF-κB,
both found to be highly elevated and expressed in our cancer group in comparison to healthy
older controls. Our data show that the anabolic stimulus afforded by amino acid
supplementation occurred despite the catabolic potential of inflammatory biomarkers such as
NF-κB p65, TNF-α and IL-6. TNF-α, IL-6 and NF-κB are each known to negatively affect
pathways involved in the amino acid mediated induction of protein synthesis such as the PI3K/
Akt/mTOR pathway and activity of initiation factors eIF2 and eIF2B.38, 39 NF-κB has also
been shown to inhibit mTOR activation3, 27, which is the pathway by which amino acids,
particularly leucine, stimulate initiation of protein translation.40, 41 With this evidence, it
would seem unlikely that amino acids could acutely stimulate muscle protein synthesis in
cancer patients with an enhanced inflammatory burden. While we did not look at the mTOR
signaling pathway directly as it was outside the scope of this study, the fact that FSR and Rd
in these cancer patients was significantly elevated despite the demonstrated hyperactivation of
NF-κB p65 and elevated TNF-α and IL-6 suggests that some portion of the PI3K/Akt/mTOR
pathway is intact.

Increased muscle protein breakdown is a major concern in cancer and aging. In cancer cachexia,
visceral protein is relatively preserved in comparison to skeletal muscle. This phenomenon is
largely due to metabolic recycling of amino acids liberated from skeletal muscle for splanchnic
utilization. While administration of oral amino acids to cancer patients in the present study
resulted in an overall increase in the FSR of skeletal muscle over the 3 h absorptive period, the
net phenylalanine balance measured in the last hour of amino acid ingestion failed to achieve
a strong positive net balance as seen in previous studies of healthy individuals.20, 21 This
suggests that some portion of these exogenous amino acids were subjected to an alternative
metabolic fate, perhaps toward enhanced acute phase protein synthesis or tumor cell growth.
In support of this notion, we showed 20-fold higher concentrations of C-reactive protein among
the cancer patients when compared to the healthy older controls. While hsCRP remained within
normal limits in the cancer patients (0.77 ± 0.13 mg/dL), these levels were significantly higher
than those measured in the older controls (0.04 ± 0.007 mg/dL). Similar to that observed in the
older controls, there was no response in protein breakdown (Ra) in the cancer patients following
amino acid ingestion. Taken together, these data indicate that while the cancer patients were
able to mount an acute anabolic response to the amino acids during the absorptive period,
anabolism may be attenuated over time as amino acids are shunted to sustain a low-grade
inflammatory response and/or tumor growth. Further outcome-based research is needed to
determine if targeted amino acids such as leucine can provide a more robust stimulation of
muscle protein synthesis. Leucine, and to a lesser extend the two other branched chain amino
acids valine and isoleucine, is known to stimulate protein synthesis through increased
phosphorylation of mTOR, S6K1, and 4E-BP1. While our balanced amino acid supplement
contained 3.2 ± 0.0 g leucine, higher concentrations may be required to produce a sufficiently
strong anabolic signal in cancer patients. Enhanced tumor growth is a potential risk involved
with anabolic interventions. Future outcome based studies are needed to establish whether the
use of amino acid supplements as an anticachectic intervention increases tumor growth. While
the results of this study are encouraging with the finding that amino acids are acutely anabolic
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to cancer patients, these patients demonstrated a mild inflammatory burden. Conversely, in
patients with more pronounced inflammatory states, such as progressive cachexia and unstable
disease, a less anabolic response may be expected.

In conclusion, we have demonstrated that amino acid ingestion acutely stimulates muscle
protein synthesis in ovarian cancer patients with advanced disease and inflammatory syndrome
undergoing oncological therapy. The efficacy and potential clinical benefit of amino acid
supplementation in cancer patients was highlighted by the similar anabolic response observed
in a cohort of healthy individuals who received the same amino acid supplement.21 These data
represent a positive first step toward preservation of nutritional status and prevention of cancer
cachexia. Additional studies are needed to determine if long-term administration of targeted
nutritional therapies such as with leucine are capable of preventing the skeletal ravages of
cancer and its associated therapies.
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Figure 1.
Experimental protocol. Outline of the timeline of infusion of the stable isotope L-[ring-2H5]
phenylalanine, administration of the oral amino acids, collection of blood samples, and
collection of muscle biopsies.
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Figure 2.
Arterial phenylalanine concentrations (Ca) and enrichment (Ea) in the basal state (□Ca, ○Ea)
and in response to amino acids (■ Ca, ●Ea).
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Figure 3.
Mixed muscle fractional synthetic rate (FSR) in the basal state (white bars) and in response to
amino acids (black bars). **Significantly different than basal, P≤0.001.
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Figure 4.
Muscle protein synthesis (Rd) and degradation (Ra) in the basal state (white bars) and in
response to amino acids (black bars). *Significantly different than basal, P≤0.05.
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Figure 5.
Phenylalanine net balance across the leg. Net balance in the basal state (white bars) and in
response to amino acids (black bars). *Significantly different than basal, P≤0.05.
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Figure 6.
Comparison of NF-κB p65 protein expression in skeletal muscle from six stage IIIB ovarian
cancer patients and eight healthy controls. *Significantly different from healthy older controls
(Volpi et al.21), P<0.0001.
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Table 1
Subject characteristics.

Normal range CANCER OLDER CONTROLS

Serum Biomarkers
Albumin (g/L) [35 – 50] 35.8 ± 1.89

AST (U/L) [13 – 40] 24.2 ± 5.91
ALT (U/L) [9 – 51] 19.7 ± 3.37

BUN (mmol/L) [2.5 – 8.2] 4.03 ± 0.65
WBC (109/L) [4.5 – 10.5] 6.35 ± 1.26

CA-125 (U/mL) [0 – 21] 800 ± 762
hsCRP (mg/dL) [0 – 0.8] 0.77 ± 0.13† 0.04 ± 0.007

Muscle Biomarkers
TNF-α (pg/mL) 0.26 ± 0.04† 0.19 ± 0.01

IL-6 (pg/mL) 5.11 ± 2.11† 1.09 ± 0.15

Values are mean ± SEM.

†
Values are significantly greater than a representative group of healthy older controls (n=8, P<0.05).21
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Table 2
Amino acids content of the balanced amino acid supplement

Alanine (g) 2.5 ± 0.0
Arginine (g) 2.8 ± 0.0
Asparagine (g) 3.7 ± 0.0
Cysteine (g) 0.5 ± 0.0
Glutamine (g) 5.8 ± 0.0
Glycine (g) 1.9 ± 0.0
Histidine (g) 2.0 ± 0.0
Isoleucine (g) 1.9 ± 0.0
Leucine (g) 3.2 ± 0.0
Lysine (g) 3.9 ± 0.0
Methionine (g) 1.0 ± 0.0
Phenylalanine (g) 1.6 ± 0.0
Proline (g) 1.9 ± 0.0
Serine (g) 1.7 ± 0.0
Threonine (g) 2.0 ± 0.0
Tryptophan (g) 0.5 ± 0.0
Tyrosine (g) 1.5 ± 0.0
Valine (g) 2.2 ± 0.0
Total amino acids (g) 40.7 ± 0.1
(kJ) 693 ± 2
(kcal) 166 ± 0
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