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Anesthetics are chemical factors with the potential to induce epigenetic effects. With regard to the nervous system, for

example, this is supported by the fact that anesthetics are neurotoxins sharing many molecular mechanisms of action with

alcohol and cocaine.
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1. Epigenetics

The biological response of cells under the influence of physiological and external factors is driven by epigenetic

modulation of gene and protein expression. To make an analogy, genes are the constitution and epigenetic changes are

all genetic mechanisms other than DNA sequence changes. Epigenetics are laws, regulatory acts and amendments, or

the heritable cellular system that interprets the genome .

In normal cells, the transcriptional status of most genes, the coding part of the genome, is epigenetically fixed through the

binding of DNA with histones. However, other genes reside in a balanced state sensitive to exogenous signals and

capable of rapid modulation of DNA transcription to mRNA. These events lead to alterations in gene expression, a

consequent differential production of messenger RNAs (mRNAs) and a subsequent modified expression of proteins that

are the final biologic effectors. Several short- or long-time-operating factors including external chemical or

pharmacological stimuli can alter this balance . One of the most significant examples of the effect of epigenetics is

synap

1.1. Epigenetics and Anesthetics

Research on the epigenetic effects of anesthetics has been mainly focused on the neurodevelopmental brain alterations

and ischemia reperfusion injury effects. The first microarray investigation on inhalational anesthetics showed that

expression of 1.5% of 10,000 genes in various organs was altered . Sevoflurane has the ability to change the

expression of the circadian genes and drug metabolizing enzymes . Propofol and sevoflurane show a different protein

expression change activity in rat brains . The effects are more pronounced at young ages, when the central nervous

system and other tissues are highly susceptible to what is called epigenetic reprogramming . Anesthetics are

also capable of inducing prolonged and intergenerational epigenetic effects. One week after bariatric surgery under

general anesthesia, DNA methylation of 1509 genes in male spermatozoa remains altered and 1004 of those genes

remained altered after 1 year . Reduced DNA methylation in the 5-upstream promoter region of rat mothers exposed to

6 h sevoflurane and upregulation of Arc and JunB mRNA expression, two genes regulating synaptic plasticity and

neuronal development, are trans-generationally expressed in offspring male born .

1.2. Post-Translational Chromatin Regulation

Post-translational epigenetic modifications on histones and chromatin are regulated by more than 700 enzymes

categorized as writers/erasers, readers, movers shapers and insulators. Lysine-rich N-terminal histone “tails” undergo

several processes such as acetylation and methylation, ubiquitination, phosphorylation, and sumoylation .

Histone acetylation by acetyltransferases allows chromatin liberation and gene transcription, while histone deacetylation

by deacetylases results in a stronger histone bond with DNA and inhibition of gene transcription . Repeated

sevoflurane exposure of neonatal rats leads to an increased hippocampal deacetylase activity and reduced histone

acetylation, with developmental effects that are reversed by histone deacetylase inhibitors .

Methylation by DNA methyltransferases (DNMTs) can both induce and repress gene transcription, depending on the

chromatin residue modified. Sevoflurane neurotoxicity on rat stem cells is exerted through a concentration-dependent
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DNA methylation . There is also an increasingly growing evidence of the epigenetic effects of anesthetics on the

developing human brain that include both methylation and acetylation .

DNA methylation is one of the mechanisms affected by stress and involved in postoperative hyperalgesia . DNA

methylation and DNMT expression in skin after incision is changed and controls nociceptive sensitization. DNMT inhibition

attenuates incision-induced nociceptive hypersensitivity via up-regulation of Oprm1 gene expression while treatment with

naloxone exacerbates incision-induced mechanical hypersensitivity .

DNA methylation in blood mononuclear cells after general anesthesia for major breast surgery is globally reduced by 26%

while DNMT mRNAs expression is reduced by 65 to 71% . Opiates are thought to increase methylation whereas

lidocaine show controversial effects . These findings support the evidence that anesthesia/surgery may alter the

epigenetic status of host’s tissues after surgery.

Aberrant DNA methylation leads to onco-suppressor gene silencing or oncogene activation and has been linked to

oncogenesis in a number of tumor types. Cancers present hypermethylation of CpG islands (DNA regions with a high

density of cytosine–guanine dinucleotides) in or near promoter regions, whereas gene bodies are hypomethylated.

1.3. RNA

Only 1.5% of mammalian DNA encodes for approximately 20,000 genes which will be translated into proteins. Protein

synthesis is driven by three main types of RNA: messenger RNA (mRNA), transfer RNA (tRNA) that accounts for the

majority of RNA molecules, and ribosomal RNA (rRNA). mRNA is transcribed directly from DNA and contains the

“message” that is translated by tRNAs into proteins. rRNA accounts for 90% of total RNA mass and forms ribosomes,

which are the protein synthesizers . The rest of the human genome, more than 90%, represents non-coding RNAs

(ncRNA). The total number of RNA molecules is estimated at 107 per cell .

Non-coding RNAs are classified into long [>200 nucleotides] and short ncRNAs (<200 nucleotides) (lncRNA and sncRNA

respectively). A series of biological functions such as regulation of the expression of coding genes, cancero-genesis and

regulation of biological processes have been described for many ncRNAs, supporting the hypothesis that they are

functional, although for most of them a biological role has not yet been discovered .

Micro RNAs (miRNA) are non-coding, endogenous and highly conserved sncRNAs across species. They act via post-

transcriptional degradation or translational repression by binding to 3′ untranslated regions (UTR) of target mRNAs. Each

molecule of mRNA can be regulated by more the one miRNA, and a single miRNA may influence the expression of a wide

range of mRNAs . Some miRNAs are expressed ubiquitously, whereas others are tissue-specific and/or stage-specific.

miRNAs regulate the activity of 30–50% of protein-coding genes and modulate the expression of 10–30% of human

genome . RNAs also exist extracellularly in the circulation in exosomes .

Anesthetics affect miRNA in various cells across the body. In mice, sevoflurane and propofol affect expression of 46 of

177 miRNAs in liver, 20 miRNAs in lung, and 14 miRNAs in brain, with a specific pattern of expression at each anesthetic

exposure . Sevoflurane inhibits the NF-κB pathway through miRNA-9-5p expression and protects the liver from

ischemia-reperfusion injury . Sevoflurane also induces miRNA-155 downregulation that reduces systemic inflammation

in acute lung injury models . Propofol attenuates the neuroinflammation induced by lipopolysaccharide through miRNA-

155 suppression .

Given these demonstrated effects on epigenetics, is it biologically plausible that anesthetics affect cancer’s natural history

? It is well known that epigenetic modulation in normal tissues may contrast or favor tumor progression, and anesthesia

has the ability to change the epigenetics of surgical tissues . Can anesthesia also directly alter cancer’s

epigenetics? The question as to which mechanism can drive the anesthetic-induced alterations of tumor biology and host

systems during a limited period of time such as the perioperative period, to the point that tumor behavior and its future

clinical history change permanently, may have a response in epigenetics. However, to date there is no clear response a to

whether it is the extent of surgery or stress response rather than anesthesia management that influences most cancer

outcomes.

2. Anesthesia and Cancer Epigenetics

Epigenetics has a crucial role in cancero-genesis, which is a complex biological event. An altered gene and protein

expression profile may affect cancer cells and the host response, inducing more or less favourable conditions for tumor

progression. Cancer growth itself is driven by a “Darwinian” evolutionary process that starts in normal tissues where
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advantageous genetic and epigenetic events occur in a series of stages that promote clonal expansions of new tissue.

Epigenetic changes can be subject to the same selection forces as genetic events . This “new” tissue progressively

misses the features of the original tissue. Every aspect of tumor biology including cell growth and differentiation, cell cycle

control, cancer stem cell formation, DNA repair, angiogenesis, migration, and evasion of host immune surveillance is

affected by epigenetic alterations .

Only few sporadic studies have investigated the role of anesthesia on cancer cell epigenetics and much is yet to be

discovered (Figure 1). Differential gene expression was shown after ex-vivo exposure of brain cancer cell line SH-SY5Y

and of breast cancer cell line MCF-7 to enflurane, isoflurane, desflurane, halothane, sevoflurane, and nitrous oxide .

Figure 1. Schematic representation of the effect of anesthesia on epigenetics and cancer cells.

Sevoflurane suppresses viability, invasion, migration, and apoptosis of colorectal cancer cells in a dose-dependent

fashion by regulating the circ-HMGCS1/miRNA-34a-5p/SGPP1 axis, via inactivation of the Ras/Raf/MEK/ERK signaling,

via regulation of ERK/MMP-9 pathway by up-regulating miRNA-203 and by regulating miRNA-34a/ADAM10 axis 

. A study also showed a differential and specific impact on circulating exo-somial miRNAs during colon cancer surgery

resection .

Other anesthetics such as the non-steroidal anti-inflammatory drugs, propofol and ketamine, may also modulate

epigenetics. Celecoxib inhibits osteosarcoma cell proliferation, migration, and invasion via miRNA-34a . miRNA-126-

5p, −320a and -146a-5p regulate the sensitivity to celecoxib .

R-Ketorolac inhibits the activity of Rac1 and Cdc42, which are GTP-ases involved in cell growth and cell cycle regulation,

in ovarian cancer patients. Both are believed to be therapeutic targets for ovarian cancer as regulators of migration,

adhesion and invasion . Studying epigenetics after ketorolac use may help in understanding the mechanism

underlying this effect.

Lidocaine at clinical concentrations (1 mM) induced DNA demethylation for 120 h on BT-20 and MCF-7 breast cancer cells

in vitro . Lidocaine also reduces the proliferation of pancreatic cancer PaTu8988t cells after 48 h in vitro .

Ketamine, a N-methyl-Daspartate [NMDA] receptor antagonist used as a racemic derivative of two enantiomers

s[+]ketamine and r[−]ketamine, can also modulate epigenetics. Exposure for 48 h with ketamine and s-ketamine of

PaTu8988t pancreatic carcinoma cells significantly inhibited proliferation and expression of nuclear NFATc2 .

PaTu8988t and Panc-1 cells express the NMDA type R2a receptor. Ketamine and s-ketamine at 1000 μM concentration

for 48 h significantly inhibited the proliferation of pancreatic cancer cells. S-ketamine reduced apoptosis after 3 h in

PaTu8988t cells and in PANC-1 cells after 24 h incubation with ketamine [a] (65 ± 17%) and s-ketamine [b] (68 ± 24%).

Necrosis increased after 16 h with ketamine and after 6–24 h after s-ketamine . However, clinical doses of ketamine (2

mg/kg iv) produce an average plasma concentration of 41 μg/kg/min, which corresponds to a plasma concentration of 9.3

μM . Ketamine has been recently found to suppress the viability of liver cancer cells and induce ferroptosis through the

lncPVT1/miRNA-214-3p/GPX4 pathway . In ovarian cancer, ketamine modulates the P300-mediated H3K27 acetylation

activation in the promoter of lncRNA PVT1 that binds histone methyltransferase enhancer of zeste homolog 2 [EZH2], and
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regulates the expression of target genes, including p57, consequently regulating ovarian cancer cell growth, cell cycle

control, apoptosis and colony forming .

Propofol (2,6-diisopropylphenol) is an extensively-used sedative anesthetic at 4-20 mcg/mL brain concentrations. Propofol

regulates both miRNAs and lncRNAs, and modulates the signaling pathways of important oncogenes/onco-suppressors

that are potential therapeutic targets including hypoxia-inducible factor-1α (HIF-1α), mitogen-activated protein kinase

(MAPK), nuclear factor-kappaB (NF-κB), and nuclear factor E2-related factor-2 (Nrf2) .

Propofol upregulates miRNA-34a expression and induces miRNA-34a-dependent apoptosis in SH-SY5Y neuroblastoma

cells in vitro . At a concentration of 20 μg/mL for 72 h, propofol significantly reduces cell viability and apoptosis in

human pancreatic PANC-1 cells increasing the expression of pro-apoptotic caspase-3 and Bax and down-regulating the

expression of anti-apoptotic Bcl-2 gene. Apoptosis is induced by miRNA-3-4a-dependent upregulation of LOC285194 .

Additionally, propofol inhibits cell growth and metastasis by enhancing miR-328 expression in pancreatic cancer .

Propofol also induces a miRNA-34a-dependent E-cadherin upregulation in the PANC-1 cells, and reduces motility of cells

is wound healing assays .

In human pancreatic Miapaca-2 and Panc-1 cells in vitro and murine pancreatic cancer cell (Panc02) in vivo, propofol

shows a concentration-dependent (5, 25, 50, 100 μM) inhibition of cell migration, expression of VEGF and HIF-1α,

phosphorylation of (ERK), AKT, (CaMK II), and Ca  concentration . Propofol downregulates VEGF and suppresses

migration of pancreatic cancer cells by inhibiting the NMDA receptor .

Propofol at concentrations of 1 to 10 μg/mL for 48 and 72 h also suppresses the proliferation and invasion of PANC-1 cells

by 2.46- and 3.95-fold by upregulating miRNA-133a expression . Apoptosis also increases after 1–10 microg/mL

propofol exposure in a dose and time-dependent manner and through PUMA pathway .

Propofol inhibits the growth, invasion and migration of PANC-1 cells in a dose and time-dependent manner via the

miRNA-21/Slug pathway and through E-cadherin upregulation . Both PUMA and E-cadherin are upregulated by

propofol via miRNA-21 inactivation and subsequent Slug inhibition .

The activation and expression of ADAM8 in response to hypoxia in PC is inhibited, thus antagonizing angiogenesis .

The downregulation of ADAM8 and upregulation of miRNA-328 mediated by propofol was shown to inhibit pancreatic

cancer proliferation and metastasis . Growth of xenograft pancreatic cancer is also inhibited in nude mice models by

propofol . Propofol shows a synergistic effect with gemcitabine through downregulation of NF-κB signaling pathway

induced by gemcitabine, thereby promoting the chemosensitivity of PC .
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