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Abstract

Stress-related immune alterations can be consequential for health; they can enhance susceptibility 

to infectious agents and influence the severity of infectious disease, diminish the strength of 

immune responses to vaccines, reactivate latent viruses, and slow wound healing. Furthermore, 

stressful events and negative emotions promote systemic proinflammatory cytokine production 

while reducing beneficial local production of proinflammatory cytokines at the wound site that are 

important for wound healing. Dietary omega-3 and omega-6 polyunsaturated fatty acids (PUFA) 

also influence systemic inflammation; high proportions of omega-6 to omega-3 boost 

inflammation, while omega-3 has anti-inflammatory properties. Additionally, the limited evidence 

thus far suggests that omega-3 PUFA may enhance local inflammatory responses at wound sites. 

Moreover, an individual’s dietary proportion of omega-3 to omega-6 may influence the magnitude 

of inflammatory responses to stressful events. Thus, wound healing and surgery provide 

exemplars of how stress and depression can interact with the diet to influence important clinical 

outcomes.
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INTRODUCTION

Stressful events and negative emotions can have clinically significant consequences for 

many aspects of the immune response, including inflammation, which is the focus of this 

paper. Dietary omega-3 and omega-6 polyunsaturated fatty acids (PUFA) also influence 
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inflammation, and may also modulate the magnitude of inflammatory responses to stressful 

events. After addressing behavioral and dietary influences on inflammation, we discuss their 

contributions to wound healing and surgery, providing one example of how stress and 

depression can interact with the diet to influence important clinical outcomes.

DISCUSSION

Stress, depression, and inflammation

The central nervous system (CNS), the endocrine system, and the immune system interact 

with each other, and a variety of stressors ranging from academic examinations to marital 

conflict to caregiving for an impaired family member can dysregulate the immune response 

by affecting the interplay of these systems. These stress-related immune alterations can be 

consequential for health; they can also enhance susceptibility to infectious agents and 

influence the severity of infectious disease, diminish the strength of immune responses to 

vaccines, reactivate latent herpesviruses, and slow wound healing1. Moreover, negative 

events and negative emotions can also substantially enhance inflammation, a primary focus 

for this paper.

Psychological stress is frequently a precursor to the onset of depressive symptoms, and 

inflammatory pathways are implicated in this link. Although conceptually distinct, both 

stress and depression involve negative mood, activation of the nervous and endocrine 

systems, and associated negative health outcomes 2. Moreover, the experience of long term 

depression can itself be conceptualized as a chronic stressor. For these reasons, studies 

focusing on depressive symptoms and inflammation are highly relevant to gaining a full 

understanding of the effects of stress.

Inflammation is a crucial, fundamental response to infection and injury; proinflammatory 

cytokines including interleukin-1 (IL-1), IL-6, and tumor necrosis factor alpha (TNF-α) 

attract immune cells to the site of infection or injury, and prime them to become activated to 

respond. Although the mechanisms associated with inflammation are critical to resolving 

infections and repairing tissue damage, exaggerated responses and/or chronic inflammation 

can have negative health consequences including cardiovascular disease, type II diabetes, 

arthritis, osteoporosis, and periodontal disease3, 4. In addition, inflammation is now 

considered a risk factor for most cancers because of the evidence that proinflammatory 

cytokines influence tumor promotion, survival, proliferation, invasion, angiogenesis, and 

metastases5.

Psychosocial stress and depression contribute to a greater risk for infection, prolonged 

infectious episodes, and delayed wound healing, all of which can fuel sustained 

proinflammatory cytokine production1. However, stress and depression can also directly 

provoke proinflammatory cytokine production in the absence of infection or injury3, 6. What 

is more, inflammation is implicated in the pathophysiology of depression; stressful events 

can clearly precipitate depression, perhaps in part because they also propel inflammation7. 

Additionally, there is evidence that both clinical depression and subsyndromal depressive 

symptoms may sensitize or prime the inflammatory response, thus effectively promoting 

larger cytokine increases in response to stressors as well as antigen challenge8, 9. 
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Furthermore, depression and stress alter inflammation-relevant health behaviors; for 

example, disturbed sleep, a common response to negative emotions and emotional stress 

responses, promotes IL-6 production10. Accordingly, depression and stress can effectively 

modulate secretion of proinflammatory cytokines both directly and indirectly. Through these 

pathways, depression and stressful experiences contribute to both acute and chronic 

proinflammatory cytokine production11, 12.

Diet and inflammation

Diet also influences the synthesis of proinflammatory cytokines. Arachidonic acid (AA) 

derived (omega-6) eicosanoids (primarily from refined vegetable oils such as corn, 

sunflower, and safflower) increase the production of proinflammatory cytokines IL-1, TNF-

α, and IL-6, operating as precursors of the proinflammatory eicosanoids of the prostaglandin 

(PG)2-series13, 14. In contrast, the omega-3PUFA, found in fish, fish oil, walnuts, wheat 

germ, and some dietary supplements such as flax seed products, can curb the production of 

AA derived eicosanoids13, 14. Thus it is not surprising that both higher levels of omega-3 

PUFA as well as lower proportions of omega-6 to omega-3 are associated with lower 

proinflammatory cytokine production15.

The fatty acid composition of the modern Western diet has changed dramatically over the 

last century. In the US, it is estimated that the omega-3 to omega-6 ratio in the typical diet in 

1999 was 9.6:1, representing an increase of between 42–77% from 190916. This shift 

reflects fundamental changes in dietary patterns, including considerable increases in use of 

refined vegetable oils – a primary source of omega-6 – and relative reduction in 

consumption of fish, nuts, seeds and leafy green vegetables. In contrast, the ratio of omega-3 

to omega-6 PUFAs in the early hunter-gatherer diet was 2:1 to 3:117. The dramatic shift in 

omega-6 relative to omega-3 consumption in the modern diet is believed to contribute to 

increases in numerous inflammatory-related diseases,18 including depression for which 

inflammatory pathways play a clear etiological role7.

Relatedly, epidemiological studies have demonstrated significant inverse relationships 

between annual fish consumption and prevalence of major depression—the more fish eaten, 

the lower the prevalence of serious clinical depression19. A number of researchers have 

shown that depressed patients have, on average, lower levels of omenga-3 in their blood 

than nondepressed individuals; furthermore, they have found evidence that greater severity 

of depression is linked to lower levels of omega-320. A number of well-controlled 

depression treatment studies have found therapeutic benefits following omega-3 

supplementation20. Detailed below, the antiinflammatory effects of omega-3 PUFAs are a 

clear mechanistic pathway for these effects. Clearly, these key dietary pathways have 

implications for both psychological and immunological responses.

Mechanistically, transcription factor nuclear factor kappa B (NF-κB) activation is a prime 

pathway for upregulating proinflammatory cytokine production21, 22. Psychological stress 

promotes NF-κB activation, providing a channel for translating psychological stress into 

mononuclear cell activation22. In contrast, two key omega-3 PUFA, eicosapentaenoic acid 

(EPA) and docosahexanoic acid (DHA), can substantially decrease lipopolysaccharide-

induced (LPS-induced) TNF-α expression by blocking NF-κB activation21. Thus, omega-3 
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PUFA may attenuate stress-related increases in inflammation through alterations in NF-κB 

activation, as well as through their positive effects on mood.

If the joint contributions of diet and behavior to inflammation were simply additive, they 

would certainly be important. However, as described below, an individual’s dietary omega-3 

or dietary proportion of omega-6 to omega-3 may influence the magnitude of inflammatory 

responses to depression and stressful events.

Omega-3 fatty acids and stress-related inflammatory changes

One provocative study addressed the question of whether the relative balance of omega-6 

and omega-3 PUFA would predict a larger inflammatory response to stress. Medical 

students who had lower serum omega-3 or higher proportions of omega-6 to omega-3 

demonstrated greater TNF-α and interferon-gamma (IFN-γ) production by LPS-stimulated 

peripheral blood leukocytes (PBLs) during exams than those with higher omega-3 or lower 

proportions13.

Furthermore, another study with older adults suggested that depressive symptoms and the 

proportion of omega-6 to omega-3 worked together to enhance inflammation beyond the 

contribution provided by either variable alone 23. Although predicted cytokine levels were 

fairly consistent across the proportions of omega-6 to omega-3 with low depressive 

symptoms, higher proportions of omega-6 to omega-3 were associated with progressively 

elevated TNF-α and IL-6 levels as depressive symptoms increased.

Together, these two studies with medical students and older adults13, 23 suggest that an 

individual’s dietary omega-3 or proportions of omega-6 to omega-3- may influence the 

magnitude of inflammatory responses to depression and stressful events. The evidence that 

behavioral and dietary vulnerabilities are not merely additive provides a window for 

considering new multidisciplinary prospects. Indeed, wound healing and surgery provide 

several possible exemplars of how stress and depression may interact with the diet to 

influence important clinical outcomes.

Stress and wound healing

Wound repair progresses through several overlapping stages24. In the initial inflammatory 

stage, vasoconstriction and blood coagulation are followed by platelet activation and the 

release of platelet-derived growth factors (PDGFs) as well as chemoattractant factors 

released by injured parenchymal cells. Cytokines and chemokines, such as IL-1α, IL-1β, 

transforming growth factor-β (TGF-β), vascular endothelial growth factor (VEGF), TNF-α, 

and IL-8 play important roles in the early stage of wound healing. These factors act as 

chemoattractants for the migration of phagocytes and other cells to the site, starting the 

proliferative phase which involves the recruitment and replication of cells necessary for 

tissue regeneration and capillary regrowth. The final step, wound remodeling, may continue 

for weeks or months. Thus, the healing process is a cascade and success in the later stages of 

wound repair is highly dependent on initial events24.

Inflammation plays a key role early in this cascade, and proinflammatory cytokines are 

essential to this effort; they help to protect against infection and prepare injured tissue for 
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repair by enhancing the recruitment and activation of phagocytes25. Furthermore, cytokines 

released by recruited cells regulate the ability of fibroblasts and epithelial cells to remodel 

the damaged tissue25. IL-1 produced early after tissue injury can regulate the production, 

release, and activation of metalloproteinases that are important in the destruction and 

remodeling of the wound. IL-1 also regulates fibroblast chemotaxis and the production of 

collagen25. Moreover, IL-1 stimulates the production of other cytokines that are important 

for wound healing, including IL-2, IL-6, and IL-825. Accordingly, deficits early in the 

wound repair cascade can have adverse consequences downstream.

Stress disrupts the production of proinflammatory cytokines that are important for wound 

healing, which is one mechanism that produces substantial delays in wound repair. In 

humans, a suction blister model provides a way to measure immune responses that are 

central to the early stages of wound healing in vivo, at the actual wound site, providing key 

data on the inflammatory response with direct clinical relevance26, 27. This model allows 

investigators to study the migration of neutrophils and macrophages and production of 

cytokines at wound sites for the first day or two after wounding. Commonly, after raising 

several blisters and removing their roofs (the epidermis), plastic templates with wells 

containing a salt solution and autologous serum are placed over the lesions, and cells 

migrate to the wound sites and collect in the wells. The serial collection of samples from the 

wells over time allows for cell phenotyping and cytokine measurement as the local immune 

response evolves. Using this approach to study stress and wound healing, women who 

reported more stress produced significantly lower levels of two proinflammatory cytokines 

important for the early stages of wound healing, IL-1α and IL-826.

Further work using this suction blister model showed that even a commonplace everyday 

stressor, a marital disagreement, could influence wound healing, as well as local and 

systemic proinflammatory cytokine production. To separate the effects of the acute stress of 

a marital conflict from the chronic strains of marital discord on local and systemic 

proinflammatory cytokine production as well as wound healing, couples were recruited for 

two 24-hour admissions to a hospital research unit11. On each admission a suction blister 

protocol provided a mechanism for studying the local inflammatory responses in vivo; 

healing at the blister sites was assessed daily following discharge. During the first 

admission, spouses had a structured social support interaction; during the second admission, 

couples discussed an area of disagreement.

Couples’ blister wounds healed more slowly, and cytokine production (IL-1β, IL-6, and 

TNF-α) was lower at wound sites following marital conflicts than after social support 

interactions. Couples who were more hostile towards each other during both discussions 

healed wounds more slowly than couples whose interactions were less hostile. The overall 

differences related to hostility were substantial, for instance, small blister wounds in high 

hostile couples healed at only 60% of the rate in low hostile couples. Thus, wound healing 

appeared to be responsive to both the acute stress of a conflict, as well as hostile behaviors.

Although greater early local production of proinflammatory cytokines at wound sites is 

beneficial because it is associated with enhanced healing, greater systemic production of 

proinflammatory cytokines can represent a maladaptive response1. Compared to low hostile 
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behavior couples, high hostile couples had relatively greater increases in circulating levels of 

plasma IL-6 and TNF-α following a conflict discussion than a social support interaction. 

Indeed, low hostile participants produced roughly the same increment in IL-6 over 24 hours 

following either a social support or conflict interaction (65% vs. 70%), while IL-6 

production for high hostile individuals jumped from 45% to 113%.

Other studies have demonstrated that stress can also delay healing of full-thickness dermal 

and oral wounds. For example, women who were experiencing the long-term stress of 

caregiving for a relative with Alzheimer’s disease took 24% longer than well-matched 

controls to heal a small, standardized dermal wound28. In a population of dental students, 

mucosal wounds placed three days before a major examination healed an average of 40% 

more slowly than identical wounds made during summer vacation. Importantly, the 

differences among the group of 11 students were very consistent, no student healed as 

rapidly during examinations as during vacation29.

Studies with mice have confirmed and extended the data obtained with humans. Mice 

subjected to restraint stress healed a standardized 3.5-mm full thickness cutaneous punch 

biopsy wound an average of 27% more slowly than control mice30. Analysis of the 

cellularity of wound sites using cross-sections of dermal and epidermal layers showed less 

leukocyte infiltration to the wound sites in restraint-stressed mice at one and three days after 

wounding, compared to controls30. Serum corticosterone levels in the restraint-stressed 

group were more than four times as large as those of the controls, a well-replicated 

endocrine stress response30. Blocking glucocorticoid receptors in restraint-stressed animals 

with RU40555 resulted in healing rates that were comparable to control animals30. 

Accordingly, these data provide evidence that disruption of neuroendocrine homeostasis 

modulates the early stages of wound healing.

Higher levels of glucocorticoids have a number of adverse effects on various components of 

the wound healing process; for example, they may slow wound healing by altering local 

levels of proinflammatory cytokines. Hübner et al.24 showed that the strong and early 

induction of IL-1α, IL-1β, and TNF-α expression at the site after wounding was 

significantly reduced following pretreatment of mice with glucocorticoids. Similarly, human 

studies have demonstrated that stress-induced elevations in glucocorticoids can transiently 

suppress IL-1β, TNF-α, and PDGF production31. Accordingly, dysregulation of 

glucocorticoid secretion provides one obvious neuroendocrine pathway through which stress 

alters wound healing.

While slowing wound healing, stress also increases susceptibility to wound infections32. 

Compared to control mice, restraint stress delayed wound healing by 30% and facilitated a 

2–5 log increase in opportunistic bacteria such as Staphylococcus aureus. By day 7 

following wounding, 85.4% of restraint-stress mice had bacterial counts predictive of 

infection, compared to 27.4% of controls 32. In accord with these data, other researchers 

have also found that stress impairs the skin’s barrier function, resulting in increased severity 

of cutaneous infections in mice33.
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Thus, convergent data from mouse and human studies have demonstrated that stress has 

substantial adverse effects on wound repair, and also increases risk for infection. In 

agreement with these laboratory findings, several studies have shown that greater fear or 

distress prior to surgery is associated with poorer outcomes including longer hospital stays, 

more postoperative complications, and higher rates of rehospitalization34.

Proinflammatory responses associated with wounding and surgery: role of omega-3 fatty 
acids

A novel randomized, double-blind, repeated measures trial using the suction blister model 

with omega-3 supplementation suggested that omega-3 fatty acids could have beneficial 

effects at the wound site35. Following four weeks of supplementation with either 2.7 g/day 

of omega-3 fatty acids or a mineral oil placebo, IL-1β, TNF-α, and IL-6 were measured in 

the blister wells of 30 healthy male and female volunteers ages 18–45 years using the 

suction blister model described earlier. Although all cytokines were higher in the omega-3 

treatment group, only IL-1β was significantly elevated compared to the controls. These data 

provide supportive mechanistic information for several surgical studies highlighted below.

Surgery stimulates a general inflammatory response with characteristic increases in 

proinflammatory cytokines such as IL-6 and IL-1β, as well as compensatory anti-

inflammatory responses including IL-10, IFN-γ, and IL-1 receptor antagonist36. Although 

this general inflammatory response is an important immune defense, excessive and/or 

prolonged inflammatory responses can provoke organ dysfunction and multi-organ failure37. 

Although the literature is limited, several provocative studies suggest that omega-3 PUFA 

supplementation is beneficial.

In abdominal surgery, complications following extended interventions include the systemic 

inflammatory response system (SIRS), which is a leading cause of postoperative fatalities36. 

In one study, 24 male and female patients ages 44–80 years scheduled for extended 

abdominal surgeries were randomized to receive 10g of fish oil (30–70% omega-3) 

beginning the day before surgery and continuing through postoperative days 1–5; the control 

group received the same infusion protocol without omega-3. The postoperative IL-6 

response was significantly lower in the omega-3 treatment group compared to the controls, 

without group differences in TNF-α, CRP, white cell count, or neutrophil respiratory burst 

activity. Monocyte expression of human leukocyte antigen-BR, important for antigen 

presentation, declined in controls but remained stable in the fish oil group. Furthermore, the 

omega-3 group had a shorter hospital stay as well as lower rates of severe infection36.

Another trial examined 60 men and women undergoing large bowel surgery for malignant or 

benign conditions. Patients were, on average, in their mid-60s. Each was randomized to 

receive either 1) lipid-3 total parenteral nutrition, or 2) parenteral nutrition including 10% 

soybean oil, or 3) 8.3% soybean oil +1.7% fish oil for 5 days postoperatively. The groups 

did not differ in terms of changes in cell numbers or mitogen-stimulated lymphocyte 

proliferation; however, fish oil benefited both stimulated IL-2 and IFN-γ production. 

Accordingly, these data suggested positive effects on cell-mediated immunity 38.
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In a larger clinical trial with 256 patients undergoing major abdominal surgery, length of 

stay was reduced by ~21% in patients randomized to a fish oil containing lipid emulsion 

beginning immediately post-surgery and continuing for 5 days compared to the Intralipid 

control group37. Patients and care providers were blinded as to the formulation received. 

These data provide evidence of safety as well as considerable therapeutic benefits from fatty 

acid administration. These data are in accord with evidence summarized by Calder39 

showing that fish oil shortened length of hospital stay in some, but not all, of the relevant 

studies. Thus, a number of studies suggest that omega-3 can benefit postsurgical 

inflammation and physical function.

In sum, data on the therapeutic administration of fatty acids to promote wound healing and 

post-operative surgical recovery are highly encouraging. Although some studies in this area 

have relatively small sample sizes, these provide valuable information regarding mechanistic 

pathways by which fatty acid interventions exert health benefits. These data are 

complemented by results from larger studies that provide strong evidence for the safety and 

clinical benefits of such interventions. Across studies, the application of randomized 

assignment and blinded or double-blinded designs speaks to the overall quality of this 

literature.

CONCLUSION

In summary, inflammation is an important response to wounding. However, excessive or 

prolonged inflammation can be quite hazardous. Surgery is a stressful experience, and 

psychological stress can substantially slow wound healing and lower production of 

cytokines at the wound site, while simultaneously enhancing systemic production of 

proinflammatory cytokines11, 34. The omega-3 PUFAs have positive effects on both 

depression and inflammation, supporting their potential importance in the surgical and 

critical care arenas. Further research is clearly needed on this very important topic.

Acknowledgments

Work on this paper was supported in part by NIH grants AG029562, CA126857, CA131029, AT003912, 
UL1RR025755, and CA16058.

References

1. Glaser R, Kiecolt-Glaser JK. Stress-induced immune dysfunction: Implications for health. Nature 
Reviews Immunology. 2005; 5:243–251.

2. Christian, LM.; Deichert, NT.; Gouin, J-P.; Graham, JE.; Kiecolt-Glaser, JK. Psychological 
influences on neuroendocrine and immune outcomes. In: Cacioppo, JT.; Berntson, GG., editors. 
Handbook of Neuroscience for the Behavioral Sciences. Vol. 2. New Jersey: John Wiley & Sons, 
Inc; 2009. p. 1260-1279.

3. Kiecolt-Glaser JK, McGuire L, Robles TR, Glaser R. Emotions, morbidity, and mortality: New 
perspectives from psychoneuroimmunology. Annual Review of Psychology. 2002; 53:83–107.

4. Ershler W, Keller E. Age-associated increased interleukin-6 gene expression, late-life diseases, and 
frailty. Annu Rev Med. 2000; 51:245–270. [PubMed: 10774463] 

5. Aggarwal BB, Shishodia S, Sandur SK, Pandey MK, Sethi G. Inflammation and cancer: How hot is 
the link? Biochem Pharmacol. 2006; 72(11):1605–1621. [PubMed: 16889756] 

Kiecolt-Glaser et al. Page 8

Mil Med. Author manuscript; available in PMC 2015 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



6. Howren MB, Lamkin DM, Suls J. Associations of Depression With C-reactive Protein, IL-1, and 
IL-6: A Meta-Analysis. Psychosom Med. 2009; 71(2):171–186. [PubMed: 19188531] 

7. Raison CL, Capuron L, Miller AH. Cytokines sing the blues: Inflammation and the pathogenesis of 
depression. Trends Immunol. 2006; 27:24–31. [PubMed: 16316783] 

8. Glaser R, Robles T, Sheridan J, Malarkey WB, Kiecolt-Glaser JK. Mild depressive symptoms are 
associated with amplified and prolonged inflammatory responses following influenza vaccination in 
older adults. Arch Gen Psychiatry. 2003; 60:1009–1014. [PubMed: 14557146] 

9. Pace TWW, Mletzko TC, Alagbe O, Musselman DL, Nemeroff CB, Miller AH, et al. Increased 
stress-induced inflammatory responses in male patients with major depression and increased early 
life stress. Am J Psychiatry. 2006; 163(9):1630–1632. [PubMed: 16946190] 

10. Vgontzas AN, Zoumakis E, Bixler EO, Lin HM, Follett H, Kales A, et al. Adverse effects of 
modest sleep restriction on sleepiness, performance, and inflammatory cytokines. J Clin 
Endocrinol Metab. 2004; 89(5):2119–2126. [PubMed: 15126529] 

11. Kiecolt-Glaser JK, Loving TJ, Stowell JR, Malarkey WB, Lemeshow S, Dickinson SL, et al. 
Hostile marital interactions, proinflammatory cytokine production, and wound healing. Arch Gen 
Psychiatry. 2005; 62:1377–1384. [PubMed: 16330726] 

12. Kiecolt-Glaser JK, Preacher KJ, MacCallum RC, Atkinson C, Malarkey WB, Glaser R. Chronic 
stress and age-related increases in the proinflammatory cytokine IL-6. Proc Natl Acad Sci U S A. 
2003; 100:9090–9095. [PubMed: 12840146] 

13. Maes M, Christophe A, Bosmans E, Lin AH, Neels H. In humans, serum polyunsaturated fatty acid 
levels predict the response of proinflammatory cytokines to psychologic stress. Biol Psychiatry. 
2000; 47:910–920. [PubMed: 10807964] 

14. Pischon T, Hankinson SE, Hotamisligil GS, Rifai N, Willett WC, Rimm EB. Habitual dietary 
intake of n-3 and n-6 fatty acids in relation to inflammatory markers among US men and women. 
Circulation. 2003; 108:155–160. [PubMed: 12821543] 

15. Ferrucci L, Cherubini A, Bandinelli S, Bartali B, Corsi A, Lauretani F, et al. Relationship of 
plasma polyunsaturated fatty acids to circulating inflammatory markers. J Clin Endocrinol Metab. 
2006; 91:439–446. [PubMed: 16234304] 

16. Blasbalg TL, Hibbeln JR, Ramsden CE, Majchrzak SF, Rawlings RR. Changes in consumption of 
omega-3 and omega-6 fatty acids in the United States during the 20th century. Am J Clin Nutr. 
2011; 93(5):950–962. [PubMed: 21367944] 

17. Cordain L, Eaton SB, Sebastian A, Mann N, Lindeberg S, Watkins BA, et al. Origins and evolution 
of the Western diet: Health implications for the 21st century. Am J Clin Nutr. 2005; 81(2):341–
354. [PubMed: 15699220] 

18. Hibbeln JR, Nieminen LR, Blasbalg TL, Riggs JA, Lands WEM. Healthy intakes of n-3 and n-6 
fatty acids: estimations considering worldwide diversity. Am J Clin Nutr. 2006; 83:1483S–1493S. 
[PubMed: 16841858] 

19. Hibbeln JR. Fish consumption and major depression. Lancet. 1998; 351(9110):1213. [PubMed: 
9643729] 

20. Freeman M, Hibbeln JR, Wisner K, Davis J, Mischoulon D, Peet M, et al. Omega-3 fatty acids: 
evidence basis for treatment and future research in psychiatry. J Clin Psychiatry. 2006; 67(12):
1954–1967. [PubMed: 17194275] 

21. Zhao Y, Joshi-Barve S, Barve S, Chen LH. Eicosapentaenoic acid prevents LPS-induced TNF-
alpha expression by preventing NF-kappaB activation. J Am Coll Nutr. 2004; 23(1):71–78. 
[PubMed: 14963056] 

22. Bierhaus A, Wolf J, Andrassy M, Rohleder N, Humpert PM, Petrov D, et al. A mechanism 
converting psychosocial stress into mononuclear cell activation. Proceedings of the National 
Academy of Sciences of the United States of America. 2003; 100(4):1920–1925. Available at: 
http://www.pnas.org/content/1100/1924/1920.long. [PubMed: 12578963] 

23. Kiecolt-Glaser JK, Belury MA, Porter K, Beversdorf D, Lemeshow S, Glaser R. Depressive 
symptoms, omega-6:omega-3 fatty acids, and inflammation in older adults. Psychosom Med. 
2007; 69:217–224. [PubMed: 17401057] 

Kiecolt-Glaser et al. Page 9

Mil Med. Author manuscript; available in PMC 2015 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

http://www.pnas.org/content/1100/1924/1920.long


24. Hübner G, Brauchle M, Smola H, Madlener M, Fassler R, Werner S. Differential regulation of pro-
inflammatory cytokines during wound healing in normal and glucocorticoid-treated mice. 
Cytokine. 1996; 8:548–556. [PubMed: 8891436] 

25. Werner S, Grose R. Regulation of wound healing by growth factors and cytokines. Physiol Rev. 
2003; 83(3):835–870. [PubMed: 12843410] 

26. Glaser R, Kiecolt-Glaser JK, Marucha PT, MacCallum RC, Laskowski BF, Malarkey WB. Stress-
related changes in proinflammatory cytokine production in wounds. Archives of General 
Psychiatry. 1999; 56:450–456. [PubMed: 10232300] 

27. Follin P. Skin chamber technique for study of in vivo exudated human neutrophils. J Immunol 
Methods. 1999; 232:55–65. [PubMed: 10618509] 

28. Kiecolt-Glaser JK, Marucha PT, Malarkey WB, Mercado AM, Glaser R. Slowing of wound 
healing by psychological stress. Lancet. 1995; 346:1194–1196. [PubMed: 7475659] 

29. Marucha PT, Kiecolt-Glaser JK, Favagehi M. Mucosal wound healing is impaired by examination 
stress. Psychosom Med. 1998; 60:362–365. [PubMed: 9625226] 

30. Padgett DA, Marucha PT, Sheridan JF. Restraint stress slows cutaneous wound healing in mice. 
Brain Behav Immun. 1998; 12:64–73. [PubMed: 9570862] 

31. DeRijk R, Michelson D, Karp B, Petrides J, Galliven E, Deuster P, et al. Exercise and circadian 
rhythm-induced variations in plasma cortisol differentially regulate interleukin-1β (IL-1β), IL-6, 
and tumor necrosis factor-α (TNF-α) production in humans: High sensitivity of TNF-α and 
resistance of IL-6. J Clin Endocrinol Metab. 1997; 82:2182–2192. [PubMed: 9215292] 

32. Rojas IG, Padgett DA, Sheridan JF, Marucha PT. Stress-induced susceptibility to bacterial 
infection during cutaneous wound healing. Brain Behav Immun. 2002; 16(1):74–84. [PubMed: 
11846442] 

33. Aberg KM, Radek KA, Choi EH, Kim DK, Demerjian M, Hupe M, et al. Psychological stress 
downregulates epidermal antimicrobial peptide expression and increases severity of cutaneous 
infections in mice. J Clin Invest. 2007; 117(11):3339–3349. [PubMed: 17975669] 

34. Kiecolt-Glaser JK, Page GG, Marucha PT, MacCallum RC, Glaser R. Psychological influences on 
surgical recovery: Perspectives from psychoneuroimmunology. Am Psychol. 1998; 53:1209–1218. 
[PubMed: 9830373] 

35. McDaniel JC, Belury M, Ahijevych K, Blakely W. Omega-3 fatty acids effect on wound healing. 
Wound Repair Regen. 2008; 16(3):337–345. [PubMed: 18471252] 

36. Weiss G, Meyer F, Matthies B, Pross M, Koenig W, Lippert H. Immunomodulation by 
perioperative administration of n-3 fatty acids. Br J Nutr. 2002; 87(Suppl 1):S89–94. [PubMed: 
11895158] 

37. Wichmann MW, Thul P, Czarnetzki HD, Morlion BJ, Kemen M, Jauch KW. Evaluation of clinical 
safety and beneficial effects of a fish oil containing lipid emulsion (Lipoplus, MLF541): data from 
a prospective, randomized, multicenter trial. Crit Care Med. 2007; 35(3):700–706. [PubMed: 
17261965] 

38. Schauder P, Rohn U, Schafer G, Korff G, Schenk HD. Impact of fish oil enriched total parenteral 
nutrition on DNA synthesis, cytokine release and receptor expression by lymphocytes in the 
postoperative period. The British Journal of Nutrition. 2002; 87(Suppl 1):S103–110. [PubMed: 
11895146] 

39. Calder PC. Long-chain n-3 fatty acids and inflammation: potential application in surgical and 
trauma patients. Braz J Med Biol Res. 2003; 36(4):433–446. [PubMed: 12700820] 

Kiecolt-Glaser et al. Page 10

Mil Med. Author manuscript; available in PMC 2015 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript


