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The Role of Cytochromes P450 in Infection
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Cytochromes are expressed in many different tissues of the human body. They are found mostly in intestinal and hepatic tissues. Cytochromes P450 (CYPs) are enzymes that oxidize substances using iron and are able to metabolize a large variety of xenobiotic substances. CYP enzymes are linked to a wide array of reactions including and O-dealkylation, S-oxidation, epoxidation, and hydroxylation. The activity of the typical P450 cytochrome is influenced by a variety of factors, such as genus, environment, disease state, herbicide, alcohol, and herbal medications. However, diet seems to play a major role. The mechanisms of action of dietary chemicals, macro- and micronutrients on specific CYP isoenzymes have been extensively studied. Dietary modulation has effects upon the metabolism of xenobiotics. Cytochromes harbor intra- or interindividual and intra- or interethnic genetic polymorphisms. Bacteria were shown to express CYP-like genes. The tremendous metabolic activity of the microbiota is associated to its abundant pool of CYP enzymes, which catalyze phase I and II reactions in drug metabolism. Disease states, intestinal disturbances, aging, environmental toxic effects, chemical exposures or nutrition modulate the microbial metabolism of a drug before absorption. A plethora of effects exhibited by most of CYP enzymes can resemble those of proinflammatory cytokines and IFNs. Moreover, they are involved in the initiation and persistence of pathologic pain by directly activating sensory neurons and inflammatory cytokines.
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INTRODUCTION

Over centuries the human immune system has evolved to battle against pathogenic microorganisms. The ability of the immune system to generate immune responses decreases by gradual aging, due to an age-related immunodeficiency called “immunosenescence” leading to an increased susceptibility to infection in all living beings (1). Aging seems to be influenced by several factors such as genotype and lifestyle (2). Aging, immunodeficiency, and infectious disease states could modulate drug metabolism and pharmacokinetics. The major organs reported for drug clearance are the liver and the kidneys. Among these, the liver is an essential site of metabolism clearance (2). Infection and inflammation are closely connected to the hepatic and extrahepatic metabolism of cytochromes P450 (CYPs), enzymes (2).

Cytochromes are proteins belonging in superfamilies containing heme as a cofactor. Therefore, they are called hemoproteins and are used as substrates in enzymatic reactions. They are also called CYPs. The term “P450” is issued from the spectrophotometric peak obtained at the maximum optic density of the enzyme (450 nm) when it is in its reduced state associated with carbon monoxide (2).

Cytochromes P450 are the terminal oxidases in electron transfer chains reported as P450-containing systems. It must be highlighted that more than 50,000 CYP enzymes have been described in most forms of life: archaea, viruses, protists, bacteria, animals, plants, and fungi (2). It is known that CYP enzymes metabolize a wide array of xenobiotic substances. Several studies were performed to analyze their role (2), as cytochromes are located in both the liver and in the intestine. CYP enzymes seem to be influenced by infection and injury. Recent knowledge brought in light the impact of inflammatory mediators on the expression of CYP enzymes in animal models (3).

As stated previously (2, 3), expression of CYPs enzymes is mainly downregulated in the hepatic tissue during the host response to inflammation or infection, inducing changes in drug activity, and resulting in toxin release. In addition, proinflammatory cytokines such as interleukin (IL)-6, IL-1β, and tumor necrosis factor α (TNFα) are the key inflammatory mediators modulating the synthesis of acute phase proteins (APP) in inflammation. In this vein, research must be focused on the mechanism of regulation of drug metabolizing enzymes in the different disease states related to the above cytokines.

STRUCTURE AND PROPERTIES OF P450

It is estimated that humans harbor 30 CYP enzymes which are involved in drug metabolism and which belong to the families 1–4 (4). However, 90% of drug oxidation seems to be related to six main enzymes: CYP 2D6, 2C9, 1A2, 2C19, 2E1, and 3A4 (5).

In terms of abundance, the most significant CYP enzymes are CYP3A4 and CYP2D6 (Figure 1). CYP3A4 is not expressed only in the liver but also in the intestinal tissue and it participates in the extrahepatic metabolism (6). The main role of the human intestinal tissue is the absorption of nutrients, although it also has the ability to metabolize drugs. CYP enzymes are in charge for the majority of phase I drug metabolism reactions.
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FIGURE 1 | Frequency of the cytochrome P450 (CYP) system enzymes.



Cytochromes are metabolizing a plethora of xenobiotic substances (2, 3) and are involved in many functions including steroid metabolism, drug and procarcinogen desactivation, fatty acid metabolism, xenobiotic substances detoxification, and catabolism of exogenous compounds (Figure 2) (2).


[image: image1]

FIGURE 2 | The main cytochrome P450 (CYP) enzymes and their role in host homeostasis. The most abundant CYP enzymes are CYP3A4 and CYP2D6 and they are expressed in the liver but also in the intestinal tissue. CYP enzymes are accomplish many functions within the host including steroid metabolism, drug and procarcinogen desactivation, fatty acid metabolism, xenobiotic substances detoxification, and catabolism of exogenous compounds and they are modulated by several factors such as diet, chemical exposures, infection, and injury.



Cytochromes show intra- or interethnic and intra- or interindividual genetic variation. Differences in the pharmacokinetic status of the drug are related to the increased toxicity due to altered efficacy, reduced metabolism, elevated production of toxic metabolites, and adverse drug interactions (2, 4, 6).

In the intestine, the microbiota possess high-metabolic capacity due to its enormous pool of enzymes, which have the ability to catalyze reactions in phase I and phase II of drug metabolism (2). Cleavage of the intestinal barrier caused by the breakdown of gut integrity could increase passive paracellular absorption. It is evident that high- microbial abundance following aging, intestinal disturbances, environmental changes, or food-associated disease could determine the microbial metabolism of a drug before absorption. There is a possible multifactorial association of the CYP (P450) cytochrome role with different disease states, nutritional status, and environmental toxic effects (2). The hepatic CYPs have been associated with the pathogenesis of several liver diseases since CYP-mediated drug transformation into toxic metabolites may lead to hepatotoxicity. CYP3A4 is mostly expressed in the liver but it is also present in in the fetal liver and the brain, where it may play an important role in metabolism (6).

IN LIGHT OF THE INFLAMMATION MECHANISM

Inflammation is the body response to stimuli such as pathogens, damaged cells, or toxins and consists of a protective response involving blood vessels, immune cells, and molecular mediators. The role of inflammation is to stamp out the source of cellular damage, eliminate necrotic cells, and injured tissues and to finally initiate tissue repair. Inflammation is characterized by four Latin words: dolor, calor, rubor, tumor (pain, heat, redness, and swelling). Inflammation is a general term, and it refers to the innate immunity components (cellular and molecular). Nevertheless, the adaptive immunity response can also activate and sustain the inflammatory response (e.g., complement system proteins) specific for each pathogen. Inflammation can be classified as acute or chronic and while prolonged inflammation, known as chronic inflammation may lead to a multitude of diseases, acute inflammation is the host immediate response to noxious stimuli and is attained by the migration of polymorphonuclear neutrophils from the blood into the damaged areas.

In parallel, several biochemical changes involving the immune system, the local vascular system, as well as various cells systems within the damaged tissue occur. It must be noted that inflammation is not synonymous with infection. Infection consists of the microbial invasion in an organism followed by the organism’s inflammatory defensive response. On the other hand, inflammation consists of the organism’s immune-vascular response, whatever the initial cause could be. In most cases of microbial invasive origin, there is a common background.

Inflammation is associated with an activation of the immune system characterized by release of cytokines, adipokines, lipid metabolites nitric oxide, proteases, and reactive oxygen species. The above inflammation mechanism comes along with the downregulation of the main xenobiotic/drug metabolizing CYP enzyme system (Figure 1) both in the liver and in the adipose tissue (7).

The innate immune system is stirred up by microbial invaders via pattern recognition receptors such as Toll-like receptor (TLR) or nucleotide-binding oligomerization-domain protein (NOD) families (8). Molecular sensors, named “inflammasomes” (cytoplasmic protein complexes harboring NOD-like receptor family proteins) could locate abnormalities in cellular components involved in tissue injury (9).

Inflammatory mediators include proinflammatory cytokines (i.e., IL-1β, IL-6, and TNFα), vasoactive amines (i.e., histamine), peptides (i.e., bradykinin), and lipid mediators (i.e., prostaglandins) (8). Stimulation of TLRs, NODs, or inflammasomes promotes the production of mediators that target for elimination of the microbial cells or are involved in the host tissue repairing processes (9, 10).

In response to inflammatory signals, the hepatic tissue shows increased synthesis and secretion of APP, α1-acid glycoprotein fibrinogen, and C-reactive protein, which are all involved in homeostasis (11).

It is obvious that infections can modulate pharmacokinetics of a drug via several mechanisms, which usually take place in the liver or the kidneys. The liver represents the key organ of metabolism clearance, and so disturbances in the expression or activities of drug metabolizing enzymes could modify hepatic clearance. There is also an important extrahepatic metabolism in the intestinal issue which is supported by a healthy intestinal system (2).

Inflammation or infection could cause important modifications in drug transporters and drug metabolizing enzymes in the liver or in intestinal epithelial cells thus resulting in a disturbance of oral bioavailability. Furthermore, there is a high specificity based on the fact that CYP enzymes can be regulated by a multitude of cytokines. Hence, CYP enzymes will be selectively regulated in different inflammatory states (11) and the pharmacokinetics could be affected following drug administration and infection.

When the inflammatory downregulation of CYP enzymes occurs at the different stages the reduction in P450 protein levels is preceded or accompanied by lower mRNAs levels, implicating transcription as a main mechanism. The transcription factor NF-κB is a key regulator of inflammation (12). Inflammatory stimuli can regulate the action of the pregnane X receptor (PXR) through binding the NF-κB p65 subunit to the retinoid X receptor (13, 14). Moreover, when NF-κB binds to the aryl hydrocarbon receptor, the occurring interaction results in a repression of their activity (15).

It should be mentioned that inflammation is associated with downregulations of hepatic and extrahepatic CYP enzymes drug metabolism. This could result in elevated plasma drug levels and adverse drug effects (3, 11).

EXPERIMENTAL DATA AND DISEASE STATES

Acute adenovirus hepatitis in mice led to a selective downregulation of acetaminophen metabolizing CYP enzymes in liver (CYP 1A2 and CYP 2E1), reduced formation of acetaminophen toxic metabolites and thus lower risk of acetaminophen hepato-toxicity (16).

The CYP enzymes downregulation is dose, stimuli, and time dependent. Moreover, inhibition of drug metabolism as a result of interferon production and the stimulation of the cellular immunity was reported (17). Inflammation or administration of IL-6, IL-1, or TNF showed a decrease in the enzymatic activity of CYP 3A2, 1A1, 2C11, 2C12, and 2E1 (18).

Changes in CYP enzymes are acknowledged to be a frequent aftermath stimulation of the immune system following infection and inflammation (18–21) and in most cases there is no additional sign of toxicity of affected organs. CYP2C18 is expressed at very low levels in liver tissue, and so it is unaffected by cytokine exposure. The response pattern of cytochromes CYP2C9 and CYP2C19 was proven identical since both cytochromes were downregulated by TGF and IL-6 but not influenced by TNF, IL-1, IFN, or LPS (11). Moreover, data strongly suggest that even with the overlapping effects of cytokines, the activity of human P450s is independently regulated in infection and inflammation.

However, the differentiation in inflammatory response to cytokines may be crucial for patient treatment, since it is estimated that CYPs enzymes are distinctly regulated at different stages by various mechanisms, as a result to inflammation or disease. This foreknowledge is enhanced by the different sensitivity of CYP-dependent clearance revealed by infectious liver disease (22).

Cytochromes P450 enzymes are involved in the metabolism of a large pool of xenobiotic substances. Activation of cytochromes CYPs enzymes is influenced by a plethora of factors, such as genus, environment, disease state, alcohol consumption, and herbal medications (23).

In this frame, multiple isoforms of CYP have been linked to drug pharmacokinetics, carcinogenesis, steroids, and prostaglandins metabolism (23). As discussed previously, both P450 activity and level are affected by infection and inflammation, specifically by cytokines released during activation of the immune system.

Interferons and proinflammatory cytokines can downregulate P450 expression ex vivo (in hepatocyte cultures) and in vivo, and these modulators are believed to be the reason of P450 downregulation in the inflammatory process (24).

Drug–drug interactions can occur during anticancer therapy with interferon or ILs. Moreover, in patients with secondary hepatic cancer, treated with IL-2, dose-dependent reductions in CYP1A2, CYP2E1, CYP2C, and CYP3A4 protein levels were observed (25).

Cytochromes P450 enzymes are activated by specific substances and agents (23). In animal models, the effects of inflammatory mediators on the expression of CYPs (3) following IL-6, IL-1, or TNF administration caused a decline in enzyme activity for CYPs 2C11, 2C12, 1A1, 2E1, and 3A2. The decrease in catalytic activity was associated in most cases with a proportional decrease in protein and in mRNA levels (3). CYP 4A2, 4A1, and 4A3 liver expression was elevated after LPS treatment of rats (26).

The ability of LPS and BaSO4 to suppress the expression of several cytochromes like CYP 4F4 and CYP 4F5 seems qualitatively equal albeit the response to LPS stimulation is quantitatively higher. It is then conceivable that the operational mechanism for LPS and BaSO4 may be distinct (27). The downregulation of CYPs enzymes in the LPS animal model of inflammation seems to be mediated by oxidative stress, since an antioxidant regimen inhibits the downregulation of CYP 1A1, 3A11, and 2E1 and PXR (28–30).

As discussed, infections or inflammation cause alterations in the expression levels and activities of various forms of P450 in the liver, as well as in other extrahepatic tissues such as kidney and brain (31). However, in most cases, the activity of CYPs is inhibited.

It must be also noted that the effects of inflammatory mediators are not limited only to infections with live organisms or inflammatory ailments: interferons are used in cancer treatment and antiviral therapy, and various other cytokines are under in vivo investigation for cancer treatment (3, 31).

CYP2E1 is activated in brain astrocytes during the inflammatory process and CYP1A1 is downregulated (32), whereas intracerebroventricular injection of bacterial LPS suppresses CYP1A (33). Moreover, injection of LPS in the brain has produced important effects on the liver activity of CYP 3A, CYP1A, CYP2B, and CYP2E1 (34).

It must be highlighted that the modulation of CYP P450 by inflammatory cytokines was extensively studied in cultured rat hepatocytes (31). Moreover, studies performed to detect the effects of cytokines on cultured human hepatocytes (35–37) showed effects identical to those observed in rat hepatocytes (31). However, it was reported that important levels of CYP2A6 were found in postmortem specimens of liver infected with hepatitis B or C virus in infected cells or cells found in areas proximity of fibrosis or inflammation (31) harbored. Conversely, the hepatitis A virus was connected to a decreased CYP2A6 enzyme clearance (38).

Inflammation is associated to chronic diseases, as a result to the tissue’s adaptation to a cellular stress or dysfunction (3, 8) which is usually less abrupt than an acute response to infection or tissue damage. In patients with advanced cancer the downregulation is linked to CYP3A4 (39) and in animal model systems is mediated via IL-6 derived from the tumor itself (9).

Increased CYP3A4 and CYP3A5 mRNA expression levels were also detected in pediatric Crohn’s disease patients (40). In the light of the above, it is clear that more research is needed to clarify these conflicting results and the effects of the different infectious or inflammatory diseases on the expression and activities of different human P450 enzymes. Thus, patients under a stable drug dosage who are infected would develop increased exposure to the drug via a reduced clearance and/or increased bioavailability, and so then adverse effects should be developed (3, 9). This was the case when an influenza epidemic lead to a reduced clearance of theophylline in children taking asthma medication (41).

Vaccination and immune stimulation seem to play a critical role. Drug metabolism is compromised in humans with impaired immune system after inflammation or vaccination (42). Toxicity could be induced due to enhanced pharmacological responses as a result of the downregulation of drug metabolizing enzymes by the cytochromes, in the patients with infections or following vaccination or in cancer patients receiving interferon or in patients under cytokine therapy (42). It must also be reported that patients receiving anticonvulsants or theophylline, which require systematic monitoring of their serum levels, often seem to have an impaired drug metabolism after vaccination (41).

Influenza virus vaccination downregulate CYP 1A2 enzymes expression (43). In immunodeficiency virus-positive patients CYP 2D6 enzymes expression was also decreased (44). Cytokines linked to effector T-cell responses can alter the regulation of many drug transporters as well as CYP enzymes levels. Immune-modulating antibodies used in cancer therapy may have effects on CYP enzymes (45). It seems that there is a close connection between obesity, immunity, and inflammation (46, 47), as many CYP enzymes are expressed in the adipose tissue (48, 49).

Obese hospitalized patients seem to develop more frequently endonosocomial infections. Mortality of obese patients with severe sepsis was higher compared with non-obese patients (48, 49). Genetic predisposition seems to be a critical factor.

Chronic, heavy alcohol exposure contributes to major pathophysiological effects associated to ethanol and inflammation of the adipose tissue, insulin resistance, and liver injury. Moreover, ethanol feeding increased CYP2E1 expression in adipocytes (50).

Aged mice whose retina was exposed briefly to 670 nm light, which increases mitochondrial membrane potential and reduces inflammation showed significant increases in levels of cytochrome c oxidase, which is a mitochondrial enzyme modulating oxidative phosphorylation (51).

It was also reported that the phagocytic activity and secretory capacity of Kupffer cells is closely associated with increased immune reactions and downregulated expression of some hepatic cytochrome CYP (52). In the same time, the inhibition of Kupffer cell by GdCl3 (gadolinium chloride) exerted anti-obesity effects in high-fat diet-fed mice (52). All these data show that obese individuals are not only more susceptible to infections, but also have a greater risk for adverse drug reactions due to impaired drug metabolism and kinetics (52).

To date, there is not much information available to discriminate between the expression of CYPs in acute versus chronic inflammation. The expression of different CYP isoenzymes was studied by Muntane et al. using the Carrageenan-induced granuloma which permits the separation between acute and chronic phases of experimental inflammation (53). CYP2D, CYP2E1, CYP3A1, and CYP4A were reduced to 20% of the control level during the acute phase of inflammation, and partially recovered (that is 30–60% of control group) during the chronic phase of inflammation (53). CYP2B1 expression was decreased to 65% of control during the acute and chronic phases of inflammation. CYP2B1 and CYP2E1 revealed a strong depression during the acute phase of inflammation and recovered during the chronic phase (53).

CONCLUSION

The CYP represent a superfamily of enzymes with a key role in the activation or inactivation of a plethora of therapeutic agents. CYP enzymes are involved in the metabolism of xenobiotic substances. Cytochromes present intra- or interindividual and intra- or interethnic genetic polymorphisms. Variations in the pharmacokinetic drug profile are linked to the rising toxicity following a declining metabolism, reduced efficacy of the drug, adverse drug interaction, and increasing production of toxic metabolites. The high-metabolic rate of the intestinal microbiota is due to its many enzymes which catalyze reactions in phase I and II drug metabolism. In case of a compromised intestinal barrier, there may be an increase in paracellular passive absorption.

It is evident that high-microbial abundance following intestinal disturbances, environment, aging, or food-associated diseases promotes the microbial metabolism of a drug before absorption. Recently, the beneficial effect of certain microbes on the intestinal ecosystem has been largely discussed. The aim of probiotics is to restore the deficiencies in the intestinal microbiota and establish a protective effect. There is a multifactorial association of the CYP enzyme role in the different disease states, nutritional status, and environmental toxic effects. CYP cytochromes keep a key role in cancer formation and cancer treatment as they activate numerous precarcinogens and participate in the inactivation and activation of anticancer drugs (54). However, the question is raised, which specific variant of the CYP alleles should be related to the different type of cancers? In general, CYPs enzymes involved in precarinogen’s activation are not polymorphic, in contrast to the CYPs enzymes which enter into the drug biotransformation where large interindividual differences are noted in the drug metabolizing ability for therapeutic purposes due to polymorphic alleles (55).

As discussed extensively, many of the CYP are modulated by injury and infection. Knowledge of the enzyme specificity and of the regulatory mechanisms will allow to figure out effectively the drug dosage regimens during a patient’s inflammatory status.

It is known that cytokines are useful markers in certain inflammatory diseases. Albeit, IL-6 deletion seems to weaken the downregulation of certain CYP enzymes in mice under inflammatory stimuli regimen. It is then conceivable that cytokines cannot be the unique biomarker of an inflammatory disease. Acute phase proteins, as well as other metabolomics and proteomic markers need to be determined in order to reveal the infectious status and confirm diagnosis (56).

AUTHOR CONTRIBUTIONS

ES wrote the manuscript, GP made figures, corrected and submitted the manuscript, EB drafted the manuscript.

REFERENCES

1. Gruver L, Hudson LL, Sempowski GD. Immunosenescence of ageing. J Pathol (2007) 211(2):144–56. doi:10.1002/path.2104

2. Bezirtzoglou E. Intestinal cytochromes P450 regulating the intestinal microbiota and its probiotic profile. Microb Ecol Health Dis (2012) 23(18370):1–10. doi:10.3402/mehd.v23i0.18370

3. Morgan ET. Impact of infectious and inflammatory disease on cytochrome P450-mediated drug metabolism and pharmacokinetics. Clin Pharmacol Ther (2009) 85(4):434–8. doi:10.1038/clpt.2008.302

4. Bibi Z. Role of cytochrome P450 in drug interactions. Nutr Metab (Lond) (2014) 5:27. doi:10.1186/1743-7075-5-27

5. Bertilsson L, Lou YQ, Du YL. Pronounced differences between native Chinese and Swedish populations in the polymorphic hydroxylations of debrisoquin and S-mepheytoin. Clin Pharmacol Ther (1992) 51:388–97. doi:10.1038/clpt.1992.38

6. Ogu CC, Maxa JL. Drug interaction due to cytochrome P450. Proc (Bayl Univ Med Cent) (2000) 13(4):421–3. doi:10.1080/08998280.2000.11927719

7. Yanev SG. Immune system drug metabolism interactions: toxicological insight. Adipobiology (2014) 6:31–6.

8. Medzhitov R. Origin and physiological roles of inflammation. Nature (2008) 454:428–35. doi:10.1038/nature07201

9. Morgan ET, Goralski KB, Piquette-Miller M, Renton KW, Robertson GR, Chaluvadi MR. Regulation of drug-metabolizing enzymes and transporters in infection, inflammation, and cancer. Drug Metab Dispos (2008) 36:205–16. doi:10.1124/dmd.107.018747

10. Fulop AK. Genetics and genomics of hepatic acute phase reactants: a mini-review. Inflamm Allergy Drug Targets (2007) 6:109–15. doi:10.2174/187152807780832247

11. Aitken AE, Morgan ET. Gene-specific effects of inflammatory cytokines on cytochrome P450 2C, 2B6 and 3A4 mRNA levels in human hepatocytes. Drug Metab Dispos (2007) 35 (9):1687–93. doi:10.1124/dmd.107.015511

12. Hayden MS, West AP, Ghost S. NF-kappa B and the immune response. Oncogene (2006) 25:6758–80. doi:10.1038/sj.onc.1209943

13. Zhou C, Tabb MM, Nelson EL, Grün F, Verma S, Sadatrafiei A. Mutual repression between steroid and xenobiotic receptor and NF-kappaB signaling pathways links xenobiotic metabolism and inflammation. J Clin Invest (2006) 116:2280–9. doi:10.1172/JCI26283

14. Gu X, Ke S, Liu D, Sheng T, Thomas PE, Rabson AB. Role of NF-kappaB in regulation of PXR-mediated gene expression: a mechanism for the suppression of cytochrome P-450 3A4 by proinflammatory agents. J Biol Chem (2006) 281:17882–9. doi:10.1074/jbc.M601302200

15. Tian Y, Ke S, Denison MS, Rabson AB, Gallo MA. Ah receptor and NF-kappaB interactions, a potential mechanism for dioxin toxicity. J Biol Chem (1999) 274:510–5. doi:10.1074/jbc.274.1.510

16. Getachew Y, James L, Lee WM, Jele DL, Miller BC. Susceptibility to acetaminophen (APAP) toxicity unexpectedly is decreased during acute viral hepatitis in mice. Biochem Pharmacol (2010) 79:1363–71. doi:10.1016/j.bcp.2009.12.019

17. Williams SJ, Farrell GC. Inhibition of antipyrine metabolism by interferon. Br J Clin Pharmacol (1986) 22(5):610–2. doi:10.1111/j.1365-2125.1986.tb02943.x

18. Rendic S, Guengerich FP. Update information on drug metabolism systems—2009, part II: summary of information on the effects of diseases and environmental factors on human cytochrome P450 (CYP) enzymes and transporters. Curr Drug Metab (2010) 11:4–84. doi:10.2174/138920010791110917

19. Renton KW. Alteration of drug biotransformation and elimination during infection and inflammation. Pharmacol Ther (2001) 92(2–3):147–63. doi:10.1016/S0163-7258(01)00165-6

20. Morgan ET. Regulation of cytochrome P450 by inflammatory mediators: why and how? Drug Metab Dispos (2001) 29(3):207–12.

21. Christensen H, Hermann M. Immunological response as a source to variability in drug metabolism and transport. Front Pharmacol (2012) 3:8–15. doi:10.3389/fphar.2012.00008

22. Frye RF, Zgheib NK, Matzke GR, Chaves-Gnecco D, Rabinovitz M, Shaikh OS, et al. Liver disease selectively modulates cytochrome P450-mediated metabolism. Clin Pharmacol Ther (2006) 80(3):235–45. doi:10.1016/j.clpt.2006.05.006

23. Stavropoulou E, Bezirtzoglou E. The mosaic of cytochromes expression from bacteria to man. Chem Sci Rev Lett (2015) 4(14):459–73.

24. Aitken AE, Richardson TA, Morgan ET. Regulation of drug-metabolizing enzymes and transporters in inflammation. Annu Rev Pharmacol Toxicol (2006) 46:123–49. doi:10.1146/annurev.pharmtox.46.120604.141059

25. Elkahwaji J. Decrease in hepatic cytochrome pP450 after interleukin-2 immunotherapy. Biochem Pharmacol (1999) 57(1999):951–4. doi:10.1016/S0006-2952(98)00372-4

26. Sewer MB, Koop DR, Morgan ET. Differential inductive and suppressive effects of endotoxin and particulate irritants on hepatic and renal cytochrome P-450 expression. J Pharmacol Exp Ther (1997) 280:1445–54.

27. Cui X, Kalsotra A, Robida AM, Matzilevich D, Moorec AN, Boehmea CL, et al. Expression of cytochromes P450 4F4 and 4F5 in infection and injury models of inflammation. Biochim Biophys Acta (2003) 1619:325–31. doi:10.1016/S0304-4165(02)00491-9

28. Xu DX, Wang JP, Sun MF, Chen YH, Wei W. Lipopolysaccharide downregulates the expressions of intestinal pregnane x receptor and cytochrome p450 3a11. Eur J Pharmacol (2006) 536:162–70. doi:10.1016/j.ejphar.2006.02.029

29. Jover R, Bort R, Gómez-Lechón MJ, Castell JV. Down-regulation of human CYP3A4 by the inflammatory signal interleukin 6: molecular mechanism and transcription factors involved. FASEB J (2002) 16:1799–801. doi:10.1096/fj.02-0195fje

30. Xu DX. Kupffer cells and reactive oxygen species partially mediate lipopolysaccharide induced downregulation of nuclear receptor pregnane x receptor and its target gene cyp3a in mouse liver. Free Radic Biol Med (2004) 37:10–22. doi:10.1016/j.freeradbiomed.2004.03.021

31. Morgan ET. Regulation of cytochromes P450 during inflammation and infection. Drug Metab Rev (2007) 29:1129–88. doi:10.3109/03602539709002246

32. Tinberg N, Bengtsson I, Hu Y. A novel lipopolysaccharide-modulated jun binding repressor in intron 2 of CYP2E1. J Neurochem (2004) 89:1336–46. doi:10.1111/j.1471-4159.2004.02449.x

33. Renton KW, Nicholson TE. Hepatic and central nervous system cytochrome P450 are down-regulated during lipopolysaccharide-evoked localized inflammation in brain. J Pharmacol Exp Ther (2000) 294:524–30.

34. Shimamoto Y, Kitamura H, Hoshi H, Kazusaka A, Funae Y, Imaoka S, et al. Differential alterations in levels of hepatic microsomal cytochrome P450 isozymes following intracerebroventricular injection of bacterial lipopolysaccharide in rats. Arch Toxicol (1998) 72:492–8. doi:10.1007/s002040050533

35. Abdel-Razzak Z, Loyer P, Fautrel A, Gautier J-C, Corcos L, Turlin B, et al. Cytokines down-regulate expression of major cytochrome P-450 enzymes in adult human hepatocytes in primary culture. Mol Pharmacol (1993) 44:707–15.

36. Muntane-Relat J, Ourlin JC, Domergue J, Maurel P. Differential effects of cytokines on the inducible expression of CYP1A1, CYP1A2, and CYP3A4 in human hepatocytes in primary culture. Hepatology (1995) 22:1143–53. doi:10.1002/hep.1840220420

37. Kirby GM, Batist G, Alpert L, Lamoureux E, Cameron RG, Alaoui-Jamali MA. Overexpression of cytochrome P-450 isoforms involved in aflatoxin B1 bioactivation inhuman liver with cirrhosis and hepatitis. Toxicol Pathol (1996) 24:458–67. doi:10.1177/019262339602400408

38. Pasanen M, Rannala Z, Tooming A, Sotaniemi EA, Pelkonen O, Rautio A. Hepatitis A impairs the function of human hepatic CYP2A6 in vivo. Toxicology (1997) 123:177–84. doi:10.1016/S0300-483X(97)00119-4

39. Kacevska M, Robertson GR, Clarke SJ, Liddle C. Inflammation and CYP3A4-mediated drug metabolism in advanced cancer: impact and implications for chemotherapeutic drug dosing. Expert Opin Drug Metab Toxicol (2008) 4:137–49. doi:10.1517/17425255.4.2.137

40. Fakhoury M, Lecordier J, Medard Y, Peuchmaur M, Jacqz-Agrain E. Impact of inflammation on the duodenal mRNA expression of CYP3A and p-glycoprotein in children with Crohn’s disease. Inflamm Bowel Dis (2006) 12:745–9. doi:10.1097/00054725-200608000-00011

41. Kraemer MJ, Furukawa CT, Koup JR, Shapiro GG, Pierson WE, Bierman CW. Altered theophylline clearance during an influenza B outbreak. Pediatrics (1982) 69:476–80.

42. Pellegrino P, Clementi E, Capuano A, Radice S. Can vaccines interact with drug metabolism? Pharmacol Res (2014) 92:13–7. doi:10.1016/j.phrs.2014.09.003

43. Meredith CG, Christian CD, Johnson RF, Troxell R, Davis GL, Schenker S. Effects of influenza virus vaccine on hepaticdrug metabolism. Clin Pharmacol Ther (1985) 37:401. doi:10.1038/clpt.1985.61

44. ONeil WM, Gilfix BM, Markoglou N, Di GA, Tsoukas C, Wainer IW. Genotype and phenotype of cytochrome P450 2D6 in human immunodeficiency virus-positive patients and patients with acquired immunodeficiency syndrome. Eur J Clin Pharmacol (2000) 56:231–40. doi:10.1007/s002280000116

45. Harvey RD. Immunologic and clinical effects of targeting PD-1 in lung cancer. Clin Phamacol Ther (2014) 96:214–23. doi:10.1038/clpt.2014.74

46. Karagiannides I, Pothoulakis C. Obesity, innate immunity and gut inflammation. Curr Opin Gastroenterol (2007) 23:661–6. doi:10.1097/MOG.0b013e3282c8c8d3

47. Seijkens T, Kusters P, Chatzigeorgiou A, Chavakis T, Lutgens E. Immune cell crosstalk in obesity: a key role for costimulation? Diabetes (2014) 63(12):3982–91. doi:10.2337/db14-0272

48. Ellero S, Chakhtoura G, Barreau C, Langouet S, Benelli C, Penicaud L. Xenobiotic-metabolizing cytochromes P450 in human white adipose tissue: expression and induction. Drug Metab Dispos (2010) 38:679–86. doi:10.1124/dmd.109.029249

49. La Merrill M, Emond C, Kim MJ, Antignac J-P, Le Bizec B, Clement K. Toxicological function of adipose tissue: focus on persistent organic pollutants. Environ Health Perspect (2013) 121:162–9. doi:10.1289/ehp.1205485

50. Sebastian BM, Roychowdhury S, Tang H, Hillian AD, Feldstein AE, Stahl GL, et al. Identification of a cytochrome P4502E1/Bid/C1q-dependent axis mediating inflammation in adipose tissue after chronic ethanol feeding to mice. J Biol Chem (2011) 286(41):35989–97. doi:10.1074/jbc.M111.254201

51. Begum R, Powner MB, Hudson N, Hogg C, Jeffery G. Treatment with 670 nm light up regulates cytochrome C oxidase expression and reduces inflammation in an age-related macular degeneration model. PLoS One (2013) 8(2):e57828. doi:10.1371/journal.pone.0057828

52. Neyrinck AM, Cani PD, Dewulf EM, De Backer F, Bindels LB, Delzenne NM. Critical role of Kupffer cells in the management of diet-induced diabetes and obesity. Biochem Biophys Res Commun (2009) 385:351–6. doi:10.1016/j.bbrc.2009.05.070

53. Muntané J, Longo V, Mitjavila MT, Gervasi PG, Ingelman-Sundberg M. Effect of carrageenan-induced granuloma on hepatic cytochrome P-450 isozymes in rats. Inflammation (1995) 19(2):143–56. doi:10.1007/BF01534458

54. Rodriguez-Antona C, Ingelman-Sundberg M. CytohromeP450 phamacogenetics and cancer. Oncogene (2006) 25(11):1679–91. doi:10.1038/sj.onc.1209377

55. Nebert DW, Wikvall K, Miller WL. Human cytochromes P450 in health and disease. Philos Trans R Soc Lond B Biol Sci (2013) 368(1612):20120431. doi:10.1098/rstb.2012.0431

56. Marucci C. The cytochrome P450 system in disease states—a brief review. In: Marucci C, Hutchens MP, Wittwer ED, Weingarten TN, Sprung J, Nicholson WT, et al., editors. A Case Approach to Perioperative Drug-Drug Interactions. New York: Springer (2015). p. 61–3.

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The reviewer VL declared a past co-authorship with one of the authors (EB) to the handling editor.

Copyright © 2018 Stavropoulou, Pircalabioru and Bezirtzoglou. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cover.jpg
, frontiers

in Immunology






OPS/images/fimmu-09-00089-g001.jpg
PIA N CYP2C8 m CYP2D6

CYP2C9





OPS/images/fimmu-09-00089-g002.jpg
Diet Infection Injury Chemical exposure

AN ' Y Vs

xenobiotic substances steroid metabolism

detoxification \ /

catabolismof ¢ cyp3as4
exogenous compounds  cyp2pg

drug desactivation
fatty acid Liver Procarcinogen desactivation

metabolism

iota o

i e
&

o
e L C‘Plvenzymes

Drug metaho[isnr

Intestinal
epithelium





OPS/images/logo.jpg
Ghesk for

i@





