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Abstract: In solid cancer surgery, oxidative stress (OS) is of particular interest because both the malignancy
itself and the surgical intervention are major contributors to the modulation of OS levels. This study aimed to
investigate the effects of solid cancer surgery on OS levels. Because solid cancer is often accompanied by intense
cell death, the study specifically focused on the pathway leading to uric acid formation, (i.e., adenosine
deaminase (ADA) and xanthine oxidase (XO). Ischemia-modified albumin (IMA), a recognized marker of
oxidative stress, and plasma redox potential (RP) were also measured. Thirty-six patients undergoing major
solid cancer surgery (median age 68 years (58-76), 23 men and 13 women) and thirty controls (62 years (51-80))
were included. During the surgical procedure, serum ADA levels did not change significantly (10.4
International Units (IU) (6.9 — 13.7) vs. 8 IU (6 — 12); p = 0.47). In contrast, XO (IU), IMA (Arbitrary
Units(AU)) and redox potential (mV) decreased significantly (22.5 IU (11 - 63) vs. 8.4 IU (5 - 27); p
=0.0041, 89 AU (69 —105) vs. 74 AU (66 — 80); p=0.01 and 98 mV (78 — 118) vs. 79 mV (65 -101); p =
0.033). The correlation between XO and IMA or redox potential was positive (Spearman’s r = 0.32 ;
p=0.007, and r = 0.58; p < 0.001, respectively). XO was negatively correlated with ADA (r =-0.26; p
= 0.03). Redox potential was positively correlated with IMA (r = 0.26; p = 0.04) and negatively
correlated with ADA (r = -0.25 ;p = 0.04). We found that a major source of OS in solid cancer could
be the result of an increase in xanthine oxidase activity and that the global effect of solid cancer
surgery is a significant decrease in OS levels. We also found that ADA and XO were inversely
correlate, suggesting the existence of a negative retrocontrol between the production of free radicals
and the production of their substrate. Finally, our study highlights the potential value of XO
inhibitors as adjuvant therapy in solid tumor surgery.

Keywords: solid tumor cancers; oxidative stress; adenosine deaminase; xanthine oxidase; ischemia
modified albumin; redox potential; major surgery; anesthesia

1. Introduction

Oxidative stress (OS) is defined as an imbalance between the cellular effects of reactive oxygen
species (ROS) and the ability of the organism to repair such damages.[1] OS is a topic of particular
importance, because it is involved in the pathogenesis of several diseases (i.e., oncology, diabetes,
ischemic diseases, surgery) and because higher levels of OS are associated with worse outcomes.[1-
3] In the context of solid cancer surgery, OS is a topic of particular interest because both the
malignancy itself and the surgical intervention are major contributors to the modulation of elevated
OS levels.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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The development of solid tumors, driven by aberrant cell growth and intense cellular death,
induces tissue hypoxia.[4] This hypoxic environment leads to mitochondrial dysfunction and lipid
peroxidation, resulting in pronounced OS.[5] Therefore, oxidative stress levels can be assessed by
exploring the purine nucleotide salvage pathway. This pathway, activated following cell death,
allows for the transformation of nucleic acid molecules into uric acid through the degradation of
purine bases. Two key enzymes are involved in this process : adenosine deaminase (ADA) and
xanthine oxidase (XO) which are the flux limiting enzymes. XO is an enzyme catalyzing the oxidation
of hypoxanthine to xanthine and then xanthine to uric acid, this last step being associated with radical
production.

Major surgery can induce acute and profound physiological changes, leading to significant
inflammation and ischemia/reperfusion injury. These conditions generate free radical, primarily
reactive oxygen species (ROS), and consequently cause elevated levels of OS.[6] The most complex
and invasives surgeries are associated with higher levels of OS when compared with less invasive
procedures, suggesting that a diminution of surgical stress could be beneficial in major solid cancer
surgery.[7] In this setting, OS can be assessed using less specific markers such as ischemia-modified
albumin (IMA), redox potential (RP), or highly sensitive troponin-T (TnT-hs).

Several studies assessed the effect of chemotherapy or immunotherapy on OS during solid
cancer treatments.[8,9] However, the effect of surgery (and more precisely the effect of tumor
resection) on OS behavior during solid cancer treatment remains poorly documented. The aim of this
study was to evaluate the effects of solid cancer major surgery on OS levels.

2. Materials and Methods

2.1. Patients

This study was conducted according to the guidelines of the Declaration of Helsinki and
approved by an institutional review board (Comité de Protection des Personnes SUD-EST VI,
reference 2018-A02511-54) on December 9, 2019. Written informed consent was obtained from all
subjects involved in the study.

We performed a prospective, comparative, and observational single-center cohort study,
between May 2021 and May 2023. Inclusion criteria were :

e  High-risk surgery patients
e  Scheduled for elective major surgery.

High-risk surgery patients were defined as adult patients over 50 years of age, with an American
Society of Anesthesiologists (ASA) score > 2 (clinical score performed by an anesthesiologist for
assessing the fitness of a patient before surgery). Elective surgery was defined as intra-abdominal or
thoracic surgery with a duration of at least 90 minutes and requiring the use of invasive blood
pressure monitoring.[10]

Exclusion criteria were :

e Inability to understand the study and/or sign an informed consent, refusal to sign an informed
consent

¢  Hypoalbuminemia, defined by an albumin level <30 g.L-

e  Pre-existent inflammatory disease, defined by a C reactive-protein (CRP) level > 20 mg.L-1.

2.2. Anesthesia Protocol

Anesthesia and surgery strategies were not modified because of the study protocol. All patients
in the study received anesthesia in accordance with a pre-established protocol, described as follows.
Total-intravenous anesthesia (TIVA), with target-controlled infusion (TCI) of propofol and
remifentanil was performed. Usual starting doses were 6 — 8 ug.mL- and 6 — 8 ng.mL", respectively.
Individual dosage was afterwards guided with bispectral index neurological monitoring.
Neuromuscular blockade was achieved using a non-depolarizing neuromuscular blocking drug and
its effect was monitored using a quantitative train-of-four technique. Epidural analgesia was
systematically performed, unless contraindicated, when patient had an open approach surgery.
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Usual drug mixture was mixture of ropivacaine 1.6 mg.L-! and sufentanil 0.4 pg.mL-!, administered
via patient-controlled epidural analgesia (PCEA), with a continuous administration of 4 — 6 mL.h"
and the possibility of a patient administration of 4 — 6 mL every 20 min. Multimodal analgesia was
performed using acetaminophen, non-steroidal anti-inflammatory drugs, nefopam and morphine,
unless contraindicated. Invasive hemodynamic monitoring was performed with an arterial line and
pulse-contour analysis for continuous cardiac output monitoring. A mean arterial pressure of +10%
the usual patient value was targeted, and (if needed) diluted norepinephrine (16pg.mL-') was used
to reach the target. Fluid loading was guided by dynamic fluid responsiveness monitoring.

2.3. Clinical Data Collection

The following data were collected for all patients, using our electronic health record:

e Demographics: age, gender, ASA score, height, weight, body mass index (BMI)

¢  Medical background and Charlson Comorbidity Index (a scoring system for comorbidities, a
score of zero means no comorbidities and a higher score means more comorbidities)[11]

e  Peri-operative characteristics: type of surgery, anesthesia and surgery length, use of an epidural
analgesia, mean norepinephrine dosage and fluid balance

e  Outcomes : length of hospital stay, day-30 mortality rate, Comprehensive Complication Index
(CCI, a scoring system for postoperative complications, a score of zero means no complications
and a higher score mean more complications, with a maximum at 100 meaning the patient died)
at day-5 and day-15 postoperative. [12]

2.4. Samples Collection and Biological Data

Blood samples were collected for the measurement of the following biological variables :
e  at the onset of surgery: in the operating room, via an arterial line, after induction of anesthesia and
before surgical incision
e at the end of surgery: in the post-operative care unit, via an arterial line, after patient awaking and
tracheal extubation.
The following biomarkers were measured :

2.4.1. Adenosine Deaminase Measurement

ADA was measured as described previously.[13,14] Adenosine deaminase catalyzes the
deamination of adenosine into inosine with the formation of ammonium (NH4+) in a stoichiometric
manner. Briefly, adenosine (750 uL, 28 mM) was incubated with plasma (125 pL) in saline (125 uL,
7% Bovine Serum Albumin (BSA)) for 37 min at 37°C. The reaction was started by adding adenosine
and stopped in ice water. Ammonia resulting from adenosine degradation by ADA was measured
using a Synchron LX 20 analyzer (Beckman Coulter) and expressed as international units (mIU) per
mL.

2.4.2. Xanthine Oxidase Measurement

XO was evaluated as described previously.[15] Briefly, 200 uL of xanthine (0.5 mmol.L
dissolved in water, Sigma-Aldrich) and 100 puL of adenosine triphosphate (300 umol.L-! dissolved in
water) were mixed with 0.3 mL of serum. After incubation (37 °C, for 30 min), uric acid was evaluated
using a DX Beckman Coulter apparatus. The results were expressed as IU.

2.4.3. Ischemia Modified Albumin Measurement

IMA was evaluated as described previously.[16,17] Briefly, the albumin cobalt binding (ACB)
test is a quantitative in vitro diagnostic test that detects IMA by measuring the cobalt binding capacity
of albumin in human serum (Ischemia Technologies, Denver, CO). Human serum, including that
collected in serum separator tubes, is the only specimen type for the ACB-test and was performed on
a Synchron LX 20 analyzer (Beckman Coulter, Villepinte, France). The test sample and a fixed amount
of cobalt in the form of cobalt chloride were incubated. Dithiothreitol was added to react with the
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cobalt not bound to the N-terminus to form a measurable color. The absorbance was measured by
spectrophotometer at 510 nm. In these conditions, the inter-assay coefficient of variation was less
than 10%. The results were expressed as arbitrary units (AU).

2.4.4. Redox Potential Measurement

We used the probe SEN 0464 (DFROBOT, Gotronic, France, Indicator electrode Platinium,
reference electrode silver-silver chloride). Automatic three points calibration, Range -2000 to +2000
millivolts (mV). Intra essay coefficient of variation < 10mV. Internal resistance <10 kOhms following
the constructor recommendations. Measurement was performed on whole heparinized blood. The
results were expressed in mV.

2.4.5. Highly Sensitive Troponin T Measurement

TnT-hs was measured on COBAS-8000 Roche, using an immunological sandwich method
(detection threshold: 5 pg.mL-, range: 5 — 50 ng, intra-assay variation < 10%, intra-assay range
between 2 and 4 %, 99th percentile : 14 pg.mL-!). The results were expressed in ng.mL.

2.5. Controls

Data from thirty healthy controls (matched on gender, age, and BMI) were extracted from an
existing database of biological samples, drawn from the staff of our lab. We extracted the ADA, XO,
IMA and redox potential levels.

2.6. Statistical analyses

We planned to sample and analyze data from 40 patients. An a posteriori sample size calculation,
using the mean and standard deviation (SD) values of our cohort and the control cohort, showed that
a population between 6 and 33 patients (depending on the biomarker) was sufficient to demonstrate
significant difference between these cohorts with a power of 90% and an alpha risk of 5%. Categorical
variables were expressed as count (%), and continuous variables as median (25th - 75th quartile
range) or mean (+ standard deviation), contingent on variable distribution confirmed by the Shapiro-
Wilk and Kolmogorov-Smirnov tests. Descriptive statistics summarized baseline characteristics.

Two-tailed t-tests compared normally distributed continuous variables between groups, while
the Mann-Whitney U test handled non-normally distributed variables.

Pearson’s or Spearman’s correlation coefficients were computed based on variable distribution
for examining relationships. Significance was set at a p-value < 0.05. Analyses were conducted using
Jamovi version 2.3.19.0 and Prism version 10.1.0.

3. Results

3.1. Clinical Data

Characteristics of patients and controls are listed in Table 1. Thirty-six patients were included
overall. All patients had ASA score of 2 or 3 (mild to moderate chronic condition) and underwent
surgery for a solid cancer. Thirteen (36%), 4 (11%) and 22 (61%) patients had diabetes, myocardial
infarction, and hypertension.

Peroperative characteristics and outcomes are presented Table 2.

Table 1. demographics and medical background.

Patients (n=36) Controls (n=30)
Demographics
Age, y (IQR) 68 (58 —76) 62 (51 -70)

Gender (n,%)
Male 23 (64) 20 (66)
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Female 13 (36) 10 (34)

Height, cm (IQR) 170 (163 - 175) 168 (159 — 181)
Weight, kg (IQR) 70 (60 — 75) 68 (59 — 80)
BMI, kg.m? (IQR) 24 (22 - 25) not available

Medical background
ASA score (n,%)
I 0 (0) not available
I 25 (69) not available
111 11 (31) not available
v 0 (0) not available
Charlson score (IQR) 6(5-7) not available
Comorbidities (n, %)

Diabetes 13 (36) not available
Myocardial infarction 4 (11) not available
Hypertension 22 (61) not available
Arrythmia or heart block 2 (6) not available
Peripheral vascular disease 7 (19) not available
CVA or TIA 3(8) not available
Dementia 1(3) not available
Active smoking 11 (31) not available
COPD 5(14) not available
Chronic kidney disease 1(3) not available
Solid tumor 36 (100) not available
Metastatic solid tumor 7 (19) not available
Peptic ulcer disease 3(8) not available
Alcohol abuse 1(3) not available

IOR : interquartile range ; BMI : body mass index ; ASA : American Society of Anesthesiologists ; CVA :

cerebrovascular accident ; TIA : transient ischemic attack ; COPD : chronic obstructive pulmonary disease .

Table 2. peroperative characteristics and outcomes.

Patients (n=36)

Peroperative characteristics

Type of surgery (n, %)
Major gastrointestinal
Thoracic
Major hepatic
Major urologic

Anesthesia length, min (IQR)
Surgery length, min (IQR)

15 (42)

13 (36)
7 (19)
1(3)

375 (293 - 465)
300 (233 - 375)

Mean norepinephrine, pg.kgl.min? (IQR) 0.06 (0.05 -0.13)
Epidural anesthesia (n, %) 35(97)
Fluid balance, mL (IQR) 1550 (854 — 2400)
Outcomes

Length of stay, d (IQR)
Day-30 death (n, %)
CCI at Day-5, (IQR)
CCI at Day-30, IQR)

IQR.: interquartile range ; CCI : Comprehensive Complication Index.

3.2. Enzymatic Activities, IMA, and Redox Potential

15 (11 -29)
1(3)
9(0-27)
32 (9 - 50)
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After the surgical procedure, ADA did not decrease significantly (10.4 IU (6.9 —13.7) vs. 8 IU (6
—12); p =0.47) but remained higher than in controls (5.9 IU (5.6 — 6.8); p =0.002).

XO decreased significantly after surgery (22.5IU (11 - 63) vs. 8.4 IU (5 - 27) (-73%); p = 0.004) but
remained higher than in controls (3.7 IU (2.7 - 6); p <0.001).

IMA decreased significantly after surgery (89 AU (69 - 105) vs. 74 AU (66 — 80) (-15%); p =
0.01)but remained higher than in controls (69 AU (59 - 76); p = 0.018).

Redox potential decreased significantly after surgery (98 mV (78 — 118) vs. 79 mV (65 - 101) (-
10%); p = 0.033) but remained higher than in controls (17 mV (12 - 23); p < 0.001).

Finally, TnT-hs increased weakly but significantly after surgery (5 ng.L-1 (0 —9) vs. 7 ng.L-1 (3 -
18); p = 0.003). Results are presented through Figure 1a to 3.
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Figure 1. (a) Adenosine deaminase activity (ADA) measured in plasma of 36 patients before and after
surgery for solid cancer and in 30 controls. Units are international units (IU). (b) Xanthine oxidase
(XO) measured in the same conditions than Figure 1A. ns = non-significant.
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Figure 2. (a) Ischemia modified albumin (IMA) measured in plasma of 36 patients before and after
surgery for solid cancer and in 30 controls. Units are arbitrary units (AU) (b) Redox potential

evaluated in the same conditions than in A. Units are millivolts (mV).
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Figure 3. Concentration in highly-sensitive troponin T (TnT-hs) in plasma of 36 patients before and

after surgery.

3.3. Correlation Data

XO was positively correlated with IMA (r=0.32; p =0.007) and redox potential (r=0.58; p <0.001)
and was negatively correlated with ADA (r = -0.26; p 0.03).
IMA was positively correlated with redox potential (r = 0.26; p = 0.04). ADA was not correlated

with other OS parameters (Figure 4).
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Figure 4. Correlation curve (Spearman’s r coefficient of correlation) between (a) adenosine deaminase
activity (ADA) and xanthine oxidase activity (XO), (b) ischemia modified albumin (IMA) and XO
activity, (c) XO and redox potential and (d) redox potential and IMA in patients (n=36) undergoing
surgery for cancer solid tumors.

4. Discussion

The main result of this study is that solid cancer is associated with high OS, and that surgery
leads to its significant decrease. The main source of OS in this cohort of surgical oncology patients
seems to be the solid tumor by itself, since XO activity was correlated with IMA and redox potential,
both being non-specific global markers of OS. The part of OS associated with major surgery seems to
be present, as shown by the troponin T elevation after surgery, but does not counterbalance the effect
OS diminution associated with the removal of the tumor.

We found high XO activity in basal conditions that decreased after surgery. XO catalyzes one of
the flow-limiting steps in the purine base degradation pathway. In particular, the transformation of
hypoxanthine into xanthine and then xanthine into uric acid is associated with major radical
production, mostly by generating hydrogen peroxide.[18,19] This last step is catalyzed by the XO
oxidoreductase, which may attain two inter-convertible forms, called xanthine dehydrogenase or XO.
The latter uses molecular oxygen as electron acceptor and generates superoxide anion and other
reactive oxygen products.[19] In addition to uric acid, XO products comprise nitrogen species that
have many biological effects, including inflammation, endothelial dysfunction, and cytotoxicity.[20]
To our knowledge, XO expression has not been associated with high malignity. However, the level
of XO expression was found to be sometimes associated with poor outcome in cancer with low XO
expressing cells, in relation to the inflammatory response elicited through the tissue damage.[20]
While XO activity is mostly present at the intracellular level, mostly in liver, intense XO activity is
also found in plasma.[15] Because solid cancer is accompanied by intense cells death, informative
molecules as DNAs and RNAs joint purine degradation cycle and finally are irreversibly transformed
into uric acid. In this context XO is the final effective enzyme of this catabolic pathway, and the high
XO activity might lend weight to the use of XO inhibitors as adjuvant therapy in solid cancer.

We found high ADA levels in basal conditions that did not change during surgery. ADA
catalyzes the deamination of adenosine (that mostly comes from ATP dephosphorylation) into
inosine. ADA belongs to the purine salvage pathway and is well known to modulate inflammation
through the regulation of extra cellular adenosine level and via the modulation of cytokines.[21]
Interestingly, we found that ADA and XO were inversely correlated suggesting that the production
of free radicals by XO may in turn inhibit ADA activity. Everything happens as if the radical
production induced by XO exerted negative feedback on ADA activity, to reduce the production of
substrate (hypoxanthine and xanthine). The goal could be a retrocontrol of free radical release since
it is established that ROS and nitrous oxide (NO) production secondary to XO activity may act as a
second messenger in cells signaling.[22,23] However, this hypothesis needs further investigations.
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We found high IMA levels in basal conditions that decreased after surgery. IMA results from
the modification of the N-terminus cobalt-binding sites of albumin caused by the release of free
radicals from hypoxic tissue.[24] Thus, it is likely that the high serum IMA concentration that we
reported were partly due to blood flowing through hypoxic tumor regions. High IMA have been
reported during experimental hypoxia and in cancer, where it was associated with ROS
production.[17,25,26] High IMA have also been described during myocardial ischemia.[27,28] A
perioperative myocardial ischemia, labeled MINS (myocardial injury after non-cardiac surgery)
occurs in patients undergoing major surgery, and there is a growing interest in the literature since its
presence is associated with poor long-term outcomes.[29-31]

We found high redox potential in the plasma of patients that decreased after surgery. Redox
potential disturbance promotes various pathological processes including hallmarks of cancer.[32]
Thus, redox development of cancer is strongly influenced by the redox conditions, while disruption
of redox homeostasis is detrimental to cancer cells. Mitochondria are the major source of ROS due to
their role in the respiratory chain during oxidative phosphorylation. Many enzymes are also
implicated in ROS production, including nicotinamide adenine dinucleotide phosphate oxidase
(NOX), but also cyclooxygenases (COX), while superoxide dismutase (SOD) belongs to the reduction
system and have anti ROS properties. Here we evaluated the enzymes from the purines catabolism
for the reasons explained above. ROS and redox potential are linked and ROS levels in cancer are
significantly higher than in healthy cells while ROS are destructive to cancer cells.[33] However,
cancer cells, notable during metastatic processes, may escape this effect.[23,34] Therefore, malignant,
or metastatic cells utilize reductive stress to promote their viability. NrF2 pathway is a common
signaling cascade that regulates its multiple downstream cytoprotective genes leading to the
resistance of oxidative stress and that is used by cancer cells.[34] High serum concentration of ROS
also enhances immunosuppressive effects and increases secretion of cytokines like TNF alpha in
tumor microenvironment.[35] Here we found that surgery decreased the redox potential, confirming
that solid cancer by itself was a source of high potential redox likely via ROS production, ROS
production being linked to redox potential and IMA.[33,36]

While our study offers valuable insights, inherent limitations are associated with its design. The
single-center design restricts the generalizability of our findings to a broader population.
Retrospective data collection introduces the risk of incomplete or potentially biased information, but
since data were retrieved from our electronic health records system, this risk has been minimized.
The absence of randomization or proper control group in our study design prevents us from
establishing causation, emphasizing the need for cautious interpretation of associations identified.
Despite these limitations, our study provides a fundamental understanding of the effects of surgical
oncology on oxidative and prompts the necessity for future studies in this setting.

5. Conclusions

A major source of oxidative stress in solid cancer could be xanthine oxidase, which is known to
produce large quantities of free radicals, particularly ROS. Even though major surgery increases OS
levels, the global effect of surgical removal of such tumor is a significant decrease in OS. We also
found that ADA and XO were inversely correlate, suggesting the existence of a negative retrocontrol
mechanism of free radical release, between the production of free radicals and the production of their
substrate. Finally, our study highlights the potential value of XO inhibitors as adjuvant therapy in
solid tumor surgery.
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