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Over the last decades advancements have improved survival and outcomes of severely burned patients except
one population, elderly. The Lethal Dose 50 (LD50) burn size in elderly has remained the same over the past
three decades, and so has morbidity and mortality, despite the increased demand for elderly burn care. The ob-
jective of this study is to gain insights on why elderly burn patients have had such a poor outcome when com-
pared to adult burn patients. The significance of this project is that to this date, burn care providers recognize
the extreme poor outcome of elderly, but the reason remains unclear. In this prospective translational trial, we
have determined clinical, metabolic, inflammatory, immune, and skin healing aspects. We found that elderly
have a profound increasedmortality, more premorbid conditions, and stay at the hospital for longer, p b 0.05. In-
terestingly, we could not find a higher incidence of infection or sepsis in elderly, p N 0.05, but a significant in-
creased incidence of multi organ failure, p b 0.05. These clinical outcomes were associated with a delayed
hypermetabolic response, increased hyperglycemic and hyperlipidemic responses, inversed inflammatory re-
sponse, immune-compromisation and substantial delay in wound healing predominantly due to alteration in
characteristics of progenitor cells, p b 0.05. In summary, elderly have substantially different responses to burns
when compared to adults associated with increased morbidity and mortality. This study indicates that these re-
sponses are complex and not linear, requiring a multi-modal approach to improve the outcome of severely
burned elderly.
Crown Copyright © 2015 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

A severe burn is a profound and devastating injury, associated with
significantmorbidity andmortality (Jeschke et al., 2008a, 2011) and oc-
curs in more than two million people in North America each year
(Bringham and McLoughlin, 1996). According to the World Health Or-
ganization, there are an estimated 330,000 deaths per year worldwide
related to thermal injury ((WHO) OWH, 2002). Over the last three to
four decades clinical and therapeutic advancements in burn care, such
as early excision and grafting, adequate nutrition, and implementation
of critical care bundles, have markedly increased the Lethal Dose 50
(LD50) for pediatric and adult burn patients (Kraft et al., 2012), and
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therefore have significantly improved outcomes of burn patients. How-
ever, this is not the case in burn patients over 65 years of age. The LD50
burn size in elderly has remained the same over the past three decades,
and so has morbidity and mortality, despite the increased demand for
elderly burn care.

In general, elderly, who represent the fastest growing population,
have been shown to be particularly susceptible to burn injuries (Pham
et al., 2009). This is due to thinning skin, decreased sensations, mental
alterations, or other contributing factors (Pham et al., 2009; Gerstein
et al., 1993). The higher risk of suffering from a burn injury in elderly
population along with the rapid growth of this population will change
the burn treatment paradigms in the near future. As previously men-
tioned, little or almost no progress has beenmade that improves elderly
outcomes post-burn over the last two decadeswith the LD50, remaining
at around 35% total body surface area (TBSA) burn. Speculations about
the factors contributing to poor outcomes in elderly have been: pre-
existing medical conditions (Lundgren et al., 2009), failure of the im-
mune system to fight of post-burn infections alongwith altered inflam-
matory and immune responses (Rani and Schwacha, 2012), skin
thinning leading to deeper burns (Albornoz et al., 2011), and generally
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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decreased metabolic resources and capacity (Grimble, 2003). All these
factors are associations and not causally related and the exact physio-
logical and biological mechanisms leading to worse outcomes are
unknown.

Despite the recognized poor outcome of elderly patients, the reason
why this patient population is doing so poorly remains unclear. There-
fore, the objective of this study is to further elucidate on the mecha-
nisms behind this.

2. Materials & Methods

In this study, we first looked at our entire cohort of patients from
1995 to 2015 (n=2796). Subsequently, we focused our analysis on pa-
tients admitted from 2006 to April 2015 (n=1461) sincewewanted to
reduce the effect of time or treatment changes on burn outcomes. In
general, burn patients that were admitted to our burn center with ther-
mal injuries were eligible for enrollment. Demographic data were col-
lected on all patients. Patients who required surgery were asked for
consent for blood and tissue collection. These procedures were ap-
proved by the Research Ethics Board of Sunnybrook Health Sciences
Centre (Study #194-2010). All patients received standard of care ac-
cording to our clinical protocols, including early excision and grafting,
early nutrition, adequate ventilation, and adequate antibiotic coverage
as previously published. If needed, all patients received insulin for glu-
cose control during their stay in the burn unit. Insulin dosagewas titrat-
ed on a sliding scale pursuant to the patient's blood glucose levels and
corresponding needs.

Patients were divided into adults, between 18 to b65 years of age,
and elderly ≥65 years of age.We used the currentWHOdefinition of el-
derly, aware of the critique for using this age, but we hypothesized that
this definition was the best cut-off age for elderly at this time. Clinical
data as well as tissue and serum was obtained at various time points
and processed according to established protocols.

2.1. Clinical Outcomes Including Mortality

Patients' clinical outcomemarkers were recorded prospectively dur-
ing rounds and entered into a database. Outcomes included mortality
during hospitalization; infections, pneumonia, and septic episodes de-
fined by the American Burn Association guidelines (Greenhalgh et al.,
2007) organ function. It also included: demographic data, height,
weight, burn size, length of stay, heart rate, blood pressure, number of
required surgeries, time between surgeries, nutritional intake, ventila-
tion, and presence or absence of inhalation injury (Jeschke et al.,
2008a, 2011, 2013; Kraft et al., 2013).

2.2. Metabolic Responses

Metabolic outcomeswere compared for adults vs. elderly.We deter-
mined insulin sensitivity via oral glucose tolerance testes (OGTT)which
was conductedwhen a patient was 95% healed. Standard OGTT with in-
take of 75 g of glucose and subsequent glucose, insulin, and c-peptide
measurements were conducted over a period of 2 h (Jeschke et al.,
2013) and calculated according towell established protocols. We calcu-
lated insulin sensitivity indices (ISI), ISIMatsuda, ISI quantitative insulin
sensitivity check index, and homeostasismodel assessment as previous-
ly described (Jeschke et al., 2013). Furthermore, resting energy expendi-
ture (REE)was assessedweekly until D/C. The REEwasmeasuredwith a
Sensor Medics 2900 metabolic measurement cart.

Protein lysates from fat obtained at first OR (less than 10 days) and
last OR (greater than 10 days) were extracted using a RIPA lysis buffer
and separated on SDS-PAGE gel prior to immunoblotting. ATF6, GRP78
(BiP) and CHOP antibodies were from Cell Signaling Technology (MA,
USA), NLRP3 antibody was from Millipore (Darmstadt, Germany),
MPO antibody was from R&D systems (MN, USA) and β-actin antibody
was Thermo Fisher (MA, USA).
2.2.1. Immunohistochemistry
Fat tissues were embedded in paraffin and sectioned prior to stain-

ingwith Hematoxylin Eosin (H&E) or incubationwithMyeloperoxidase
(MPO) antibody followed by Diaminobenzidine (DAB) staining. Imag-
ing was performed using an optical microscope (Leica Microsystems,
Wetzlar, Germany) with 200× objective lenses.

2.2.2. Serum Fatty Acids Composition
Serum fatty acids composition from patients were analyzed by gas

chromatography–mass spectrometry (GC–MS) performed by the Ana-
lytical Facility for Bioactive Molecules (AFBM) platform at the hospital
for Sick Children, Toronto, Ontario, Canada. The respective concentra-
tions of each fatty acidwere added to determine the total fatty acid con-
centration and the percentage for each fatty acid.

2.3. Inflammatory and Immunological Responses

Inflammatory responses were determined in serum and adipose tis-
sue. Serum cytokine profiling was conducted twice weekly. Adipose tis-
sue inflammatory markers, cytokines and NACHT, LRR and PYD
domains-containing protein 3 (NLRP3) inflammasome activation, were
determined in adipose tissue thatwas collected as discarded tissue at sur-
geries. Tissue or systemic inflammationwas determined by standard bio-
chemical techniques such as western blotting, using the Bio-Plex
Suspension Array System (Bio-Rad, Hercules, CA) for the measurement
of 17 different cytokines, flow cytometry, and ELISA (Jeschke et al.,
2007, 2008a; Gauglitz et al., 2008a, 2008b, 2009, 2010a, 2010b).

2.3.1. Harvesting of Stromal Vascular Fractions FromWhite Adipose Tissue
(WAT)

Specimenswere collected at surgery and immediately transferred to
the laboratory where they were digested with collagenase (Sigma, St.
Louis, MO) at 1 mg/ml in RPMI1640 in a shaking incubator for 2 h at
37 °C. The digest was then strained through sterile gauze to remove par-
ticulates, and the cell fraction was collected by centrifugation. The cell
pellets were washed multiple times with Hank's Balanced Salt Solution
(HBSS), re-suspended in HBSS, and red blood cells were removed by
density centrifugation with Lympholyte H (Cedarlane, Burlington,
ON), according to the manufacturer's protocol. The cell suspension
was then passed through a 100 μm strainer (BD Biosciences, Mississau-
ga, ON), and cells were counted.

2.3.2. Flow Cytometry
All monoclonal antibodies used for flow cytometric analysis were ob-

tained from Becton Dickinson Immunocytometry Systems, eBioscience
(San Diego, CA), and BioLegend (San Diego, CA). Each blood sample was
labeled with the following 3-color antibody combinations to determine
the co-expression of corresponding antigens on monocytes: APC-
conjugated mouse anti-human CD45 and PE-conjugated mouse anti-
human CD14; and SVF derived leukocytes were stained with mAbs
(APC-Cy7-conjugated mouse anti-human CD45, PE-Cy7-conjugated
mouse anti-human CD3, PE-conjugated mouse anti-human CD14, APC-
conjugated mouse anti-human IL-1β) on ice for 25 min, followed by
washing. Prepared blood and SVF samples were both analyzed using BD
LSR II Special Order System (BD Biosciences, San Jose, CA, USA). After ad-
justment of the fluorochrome compensation electronically, 200,000
events per sample were acquired and analyzed. FMO controls were
used to set up the gating of specific cell populations.

2.4. Wound Healing, Dermal and Epidermal Responses

2.4.1. Immunoblotting
Whole cell lysates were harvested from cells in the dermal compo-

nent of burned skin in Reporter Gene Lysis Buffer containing protease
and phosphatase inhibitor cocktails (Roche, Mississauga, ON, Canada).
Protein concentrations were measured using the Bicinchoninic Acid
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(BCA) assay. After resolvingproteins by SDS-polyacrylamide gel electro-
phoresis, the proteins transferred and the blot hybridized with the fol-
lowing antibodies: β-catenin from BD Biosciences (San Jose, CA, USA),
pSmad2 from Cell Signaling (Beverly, MA, United States) and β-actin
antibody was from Thermo Fisher (MA, USA).

2.4.2. Cell Isolation and Culturing From Skin
Stem cell pool was assessed at surgical interventions when burned

skin and wound were collected from discarded tissue. From this, skin
cells were liberated from the dermal compartment of burned skin by
one hour incubation and treatment with digestion cocktail containing
Clostridium histolyticum collagenase type 1 (2.5 mg/ml, Bioshop,
Canada), trypsin EDTA (0.05%, wisent), and dispase (1:20, wisent).
Cells were then cultured in DMEM containing 10% FBS and 1% Ab/Am
at 37 °C in 5% CO2/95% air atmosphere incubator with medium changes
every other day. Cellswere utilized for experimentalwork between pas-
sages 2–4.

2.4.3. Skin Cell and Tissue Staining
Human cells derived from burned skin (8 × 10 (Bringham and

McLoughlin, 1996) cells/well) were seeded into 8-well cell culture
slides (BD Falcon) in DMEM (10% FBS, 1% Ab/Am) for 24 h. Cells
were fixed with 4% PFA for 30 min at room temperature and perme-
abilized with 0.25% TritonX-100 in PBS for 10min and blocked in PBS
containing 1% BSA for 30 min at room temperature. Cells were
incubated with primary antibodies, containing monoclonal mouse
anti-human ki-67 antibody (1:200, Dako), rabbit anti-human OCT4
antibody (#2890, 1:200, Cell Signaling), overnight at 4 °C in a humid-
ified chamber. The cells were then incubated in the dark for 1 h at
room temperature with secondary antibody, containing biotinylated
anti-rabbit IgG (1:500, Vector Laboratories), and then Strapdavidion
594 (1:5000, Vector Laboratories) for 20min at room temperature in
Fig. 1. Kaplan Meier survival curves. (A) Survival curve for adults vs. elderly from 1995 to 2015
total body surface area (TBSA) adults vs. elderly from1995 to April 2015. (C) Survival curve for a
burn patients with burns over 20% TBSA adults vs. elderly from 2006 to April 2015. * Significan
the dark. After incubation with appropriate antibodies/probes, sam-
ples were mounted with Vectashield mounting medium with DAPI
(Vector Laboratories, Burlingame, California, United States) and im-
aged with a fluorescence microscope. Skin sections for histological
analysis were collected and fixed in 10% formalin. Samples were em-
bedded in paraffin, sectioned and stained with respective antibodies.
Deparaffinized sections were incubated with primary antibodies.
Hematoxylin was used to stain the nuclei. Antibodies were obtained
from the following sources; anti-Stro-1 (#2037638, 1:1000,
Millipore), anti-ki-67 antibody (Dako, 1:200), anti-Oct-4, (#2890,
1:200, Cell Signaling), Biotynalated anti-rabbit IgG (1:500, Vector
Laboratories), Strapdavidion 488, 594 (1:5000 Vector Laboratories).
Western HRP chemiluminescence (ThermoScientific, Rockford, IL)
Phosphatase and protease inhibitor cocktails were purchased from
Sigma-Aldrich (St. Louis, MO). Antibiotic and antimycotic prepara-
tion, and trypsin were obtained from Wisent (St Bruno, QC,
Canada). For quantifications, three different fields in the dermal
component of burned skin have been randomly chosen and the
ratio of cells positive for each marker divided to the total number
of cells in each histological field. The average of ratios was consid-
ered for each subject.
2.5. Statistical Analysis

Student's unpaired t-test was used to compare all results, with
Welch's correction where appropriate. Data is presented as means and
standard error of the mean (SEM) for continuous variables, frequency
and percentages for categorical variables. Statistical comparisons were
conducted using SPSS 20 and figures were generated using GraphPad
Prism 5.0 software or Microsoft Excel. Significance was accepted at a p
values less than 0.05.
for all patients and all burn sizes. (B) Survival curve for burn patients with burns over 20%
dults vs. elderly from2006 to April 2015 for all patients all burn sizes. (D) Survival curve for
t difference between adults vs. elderly p b 0.05.



Table 1
Demographics and outcomes of patients admitted from 2006–2015.

All
patients
n = 1461

Patients
b65
n = 1225

Patients N
65
n = 236

p-Value

Demographics
Age years (Median) 44.76 41.04 76.22 b0.0001
Gender male n (%) 1051

(72)
905 (74) 146 (62) 0.002

Total TBSA (Median) (%) 13.6 13.2 15.1 NS
2nd degree TBSA (%) 6.3 6.7 4.7 0.002
3rd degree TBSA (%) 6.8 6.2 10.2 0.0003
Baux score 63 57 94 b0.0001
Inhalation injury n (%) 229 (16) 187 (15) 40 (17) NS

Burn mechanism
Flame n (%) 829 (57) 665 (54) 158 (67) NS
Scald n (%) 397 (27) 337 (28) 62 (26) NS
Electrical n (%) 95 (7) 92 (8) 3 (1) NS
Chemical n (%) 40 (3) 36 (3) 4 (2) NS
Other n (%) 100 (7) 95 (8) 9 (4) NS

Ethnicity
Caucasian n (%) 889 (61) 723 (59) 165 (70) NS
Asian n (%) 209 (14) 188 (15) 21 (9) NS
African American n (%) 56 (4) 47 (4) 9 (4) NS
Other n (%) 307 (21) 267 (22) 41 (17) NS

Pre-admission comorbidities
CVS n (%) 340 (23) 135 (11) 205 (47) b0.0001
Respiratory n (%) 144 (10) 94 (8) 50 (12) 0.016
Endocrine n (%) 148 (11) 77 (6) 71 (16) b0.0001
Renal n (%) 31 (2) 16 (1.4) 15 (3) 0.0047
Alcohol n (%) 212 (15) 186 (15) 26 (6) b0.0001
Drug abuse n (%) 168 (12) 163 (13) 5 (1) b0.0001
Liver n (%) 29 (2) 26 (2) 3 (0.7) 0.0496
Cholesterol n (%) 102 (7) 57 (5) 45 (10) b0.0001
CVA n (%) 29 (2) 14 (1) 15 (3) 0.001

Clinical markers
Escharotomy n (%) 188 (13) 153 (12) 35 (15) NS
Length of stay (days) 18 17 20 0.004
Length of stay/TBSA (survivors)
(days/%)

2.53 2.42 3.22 b0.05

Number of ORs average (n) 2.1 2.1 2.1 NS

Morbidities
Denver 2 score daily average 0 1 3 b0.001
Denver 2 score daily
maximum

0 3.4 4.8 b0.05

Apache II score 5.1 4.4 9.2 b0.0001
Renal failure n (%) 36 (3) 31 (3) 5 (2) NS
ACS n (%) 5 (0.3) 5 (0.4) 0 (0) NS
Upper/lower GI bleed n (%) 19 (1.3) 12 (1) 7 (3) 0.03
Pulmonary embolism n (%) 9 (0.6) 8 (0.6) 1 (0.4) NS
Deep venous thrombosis n (%) 12 (1) 10 (0.8) 2 (0.8) NS
ARDS n (%) 63 (4) 52 (4) 11 (4) NS
Ventilation n (%) 900 (62) 765 (62) 135 (57) NS
Pneumonia n (%) 222 (15) 181 (15) 41 (15) NS
Bacteremia n (%) 288 (20) 248 (20) 40 (17) NS
Sepsis n (%) 130 (9) 98 (8) 32 (14) NS
Burn wound infection n (%) 403 (28) 329 (27) 74 (31) NS
Cellulitis n (%) 298 (20) 250 (21) 48 (20) NS
Mortality n (%) 94 (6) 49 (4) 45 (19) b0.0001
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3. Results

3.1. Clinical Outcomes

3.1.1. Patient Cohort From 1995–2015
From 1995 to April 2015, we have admitted 2796 burn patients to

the Ross Tilley Burn Centre (RTBC). Average burn size was 15% TBSA,
with 8% TBSA third degree burn, 15% of the patients had an inhalation
injury; length of stay per percent burnwas 2.5 days. Mortality for all pa-
tients was 10.6% (297/2796); mortality for over 20% TBSA burn was
33.5% (238/710). By stratifying patients into adults (n = 2310) and el-
derly (n = 486) we see that the burn size is similar in both groups
(adults: 15% TBSA, elderly: 17% TBSA). Elderly had a significantly longer
stay when compared to adults (adults: 2.4 days/percent burn, elderly:
3.2 days/percent burn), p b 0.001. Significantly different was further-
more overall mortality (adults: 7% (155/2310), elderly: 29% (142/
486)) (KaplanMeier Survival Curve Fig. 1A) as well as mortality for pa-
tients with burns over 20% burns of their body (adults: 24% (135/566)
vs. elderly: 72% (103/144)), p b 0.0001 (Fig. 1B). The results of this
large cohort of patients indicate that elderly in fact have a substantially
higher mortality associated with longer length of stay in the hospital
when compared to adult burn patients.

3.1.2. Patient Cohort From 2006–2015
For previouslymentioned reasons, we focused this study on the time

period from 2006 to April 2015; during this time period 1461 patients
were admitted to RTBC. Demographics, clinical markers, and incidence
of various morbidities are shown in Table 1. Burn size was similar be-
tween adult and elderly but third degree burn and Baux score was sig-
nificantly higher in elderly, as well as length of stay normalized to
percent burn, p b 0.05 (Table 1). The incidence of inhalation injury
was similar in both groups. There were no significant differences in eth-
nic background between the two groups. We determined pre-existing
medical conditions in these two patient populations (Table 1) and
found that elderly had significantly more pre-existing cardiovascular,
respiratory, endocrine, and renal comorbidities when compared to
adults. Alcoholism, drug abuse, liver, and lipid associated comorbidities
were significantly lower in elderly, p b 0.05 (Table 1).

In terms of clinical outcome data, we found that the amount of sur-
geries and escharotomies were similar between groups. Of notable in-
terest was the significantly increased length of stay in elderly when
compared to adults, p b 0.05 (Table 1). We hypothesized that elderly
have greater comorbidities but we only were able to find a few signifi-
cantly different ones; namely Denver 2 score median, Apache II, and
GI bleed were significantly different, p b 0.05 (Table 1). Contrary to
our hypothesis, there were no significant or striking differences be-
tween adults and elderly for complications including ARDS, pneumonia,
sepsis, and wound infection (Table 1).

There was a considerable difference in mortality, while only 4% of
adults died after the burn injury 19% died in the elderly group after
burn, p b 0.05 (Table 1); this is shown in the Kaplan Meier survival
curve (Fig. 1C). This difference was even more prominent for burns
over 20% TBSA where elderly had over 70% mortality and adults less
than 15%, p b 0.05 (Kaplan Meier survival curve Fig. 1D).

3.2. Metabolic Responses

3.2.1. Resting Energy Expenditure
Resting energy expenditure (REE) expressed as percent predicted,

indicated that adult and elderly patients are hypermetabolic after burn
injury (Fig. 2A). Adult burn patients are more hypermetabolic the first
week after burn but then steadily decrease theirmetabolic needs. Elder-
ly patients on the other hand, demonstrate an inverse metabolic re-
sponse. Elderly are less hypermetabolic during the initial phase after
burn but steadily increased their metabolic needs and at N4 weeks
post-burn elderly had a significantly increased REE compared to adults,
p b 0.05 (Fig. 2A).
3.2.2. Glucose and Lipid Metabolism
Wemeasured daily average glucose, 6 AM, minimal (min) andmax-

imal (max) as well as insulin levels. Elderly have higher daily average
glucose levels early after burn and again during the later phase after
burn when compared to adults, p b 0.05 (Fig. 2). Mean daily 6 AM
(Fig. 2B) andmean daily max glucose levels (Fig. 2D) were significantly
higher in the elderly 7–20 days post-burn, while daily min glucose
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levels did not differ between groups (Fig. 2E). The signal that elderly is
more insulin resistant was confirmed by the percent of patients treated
with insulin over time (Fig. 2F). A greater percent of elderly was treated
with insulin when compared to adults, p b 0.05, indicating a substantial
hyperglycemic response in elderly burn patients. Furthermore, it ap-
pears that glucose variability is greater in elderly when compared to
adults; increased glucose variability has been shown to be associated
with poorer outcomes (data not shown).

To determine whether increased hyperglycemia in elderly patients
was due to increased peripheral or central insulin resistance or lack of
insulin production, we conducted oral glucose tolerance tests (OGTT)
on 14 adult burn patients and 7 elderly burn patients at the time the pa-
tients were 95% healed; these patients were matched for burn size. We
found that elderly burn patients present with an abnormal β-cell func-
tion; demonstrated in lower indices for IGI, HOMA2% β and a 48% de-
crease in insulin (AUC μU mL−1 min: 5339 ± 3288 vs. 2790 ± 1735,
Fig. S1 C and D) and a significant decrease by 40% in c-peptide (AUC
ng mL−1 min: 969 ± 368 vs. 579 ± 301; p b 0.05, Fig. S1 E and F). Ab-
normal β-cell function resulted in a 17% increase in glucose (AUC mg
dL−1 min: 17,686 ± 3777 vs. 20,660 ± 2996, Fig. S1 A and B). The
other indices were found not to be significantly different. Table 2 illus-
trates that elderly have significantly lower insulinogenic index and
lower HOMA2 index when compared to adults, p b 0.05 (Table 2).
Fig. S1 depicts time curves and area under the curve for glucose, c-
peptide and insulin during OGTT.
Fig. 2.Metabolic measurements. (A) Resting energy expenditure expressed as percent predict
adults. * Significant difference between adults vs. elderly, p b 0.05. (B) 6 AM average glucose lev
compared to adults. (C) Daily average glucose levels. Elderly have a significantly greater AUC w
compared to adults. (E) No differences could be detected between elderly and adults in daily m
Confirming previous studies we found that both burned adults and
burned elderly have increased lipolysis associated with increased levels
of circulating fatty acids after burn (Herndon et al., 1994; Wolfe et al.,
1987). By dividing patients into adult and elderly, we found that elderly
have significantly increased lipolysis expressed as increased free fatty
acids when compared to adults, p b 0.05 (Fig. 2S A and B). We further
performed a qualitative and quantitative analysis of free fatty acid spe-
cies (Non-Esterified Fatty Acids) in the serum of adult and elderly
burned patients (n= 10 per group), approximately 10 days post-injury
(adult 11.6 ± 3.4 days vs. elderly 10.4 ± 4.8 days). We found that
Docopentaneoic, Cis-7-Hexadecenoic, Myristic, Palmitoleic, Stearic and
Vaccenic acids were significantly increased in elderly when compared
to adults as well as control non-burned patients, p b 0.05 (Fig. S2). Con-
sequently, the sum of these fatty acids indicated that the levels of circu-
lating fatty acids (FA)was greatly elevated in elderly patients compared
to adults burned and control (158.7 ± 31.3 ng/μl vs. 96.1 ± 13.1 ng/μl,
p = 0.02). In contrast the omega 3 FA Eicosenoic was significantly de-
creased in elderlywhen compared to adults, p b 0.01.We also quantified
the levels of circulating serum proteins, which determine fatty acids
bioavailability (van der Vusse, 2009), and noticed a significant decrease
in burned patients, but there was no difference between adult and el-
derly (data not shown). Finally, we analyzed these fatty acids by fami-
lies and the percentage for each family is depicted (Fig. S2 C).
Interestingly, elderly patients demonstrated a unique pattern in theper-
centage of the different fatty acids families compared to control and
ed was significantly increased in elderly patients N4 weeks after burn when compared to
els. Elderly have a significantly greater area under the curve (AUC) at 6 AM glucose levels
hen compared to adults. (D) Daily max glucose levels were also significantly higher when
in glucose levels. (F) Significantly elderly required more insulin than adults.
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adult patients. In this population, saturated fatty acidsweremore abun-
dant (p = 0.02), whereas polyunsaturated (p = 0.001) and omega 3
(p = 0.001) and 6 (p = 0.007) fatty acids were under-represented.

3.2.3. Metabolic Bio-Molecular Markers
Using a multiplex platform we measured a panel of 10 metabolic

markers over time for adults and elderly burn patients. When compar-
ing various time intervals post-burn injury, elderly patients had lower
expression of c-peptide and GLP-1 during the acute phase (Fig. S3)
while their Pancreatic Polypeptide (PP), Peptide YY (PYY) decreased
p b 0.05 (Fig. S3). PP a peptide produced in the pancreas auto-
regulates pancreatic activity and a decrease reflects the hypermetabolic
state. Peptide YY is a short 36-amino acid peptide released by cells in the
ileum and colon in response to feeding, increases with nutrition
Table 2
Glucose and insulin indices.

Normal Adults Elderly p

Days to OGTT N/A 24 ± 11 23 ± 10 0.798
Age years N/A 34 ± 13 68 ± 7 b0.001
BMI N/A 26 ± 4 27 ± 3 0.526
TBSA total (%) N/A 30 ± 7 30 ± 8 0.967
TBSA 3rd (%) N/A 18 ± 13 17 ± 11 0.823
QUICKI ≥0.357 0.363 ± 0.044 0.368 ± 0.04 0.823
ISI ≥3.0 8 ± 6 8 ± 5 0.932
IGI ≥0.4 0.9 ± 0.7 0.2 ± 0.1 b0.05
HOMA2-IR ≤1 1.2 ± 0.7 1.0 ± 0.6 0.524
HOMA2% β 100% 116 ± 33 82 ± 33 b0.05
HOMA2% S 100% 126 ± 93 146 ± 80 0.651

Data expressed as mean± SD. Glucose (mg/dL); insulin (μU/mL); and c-peptide (ng/mL).
QUICKI, quantitative insulin sensitivity check index; ISI, whole body insulin sensitivity
index (Matsuda et al.); IGI, insulinogenic index (index of β-cell function); HOMA, homeo-
stasis model assessment of insulin resistance; β, β-cell function; and S, insulin sensitivity.
decreases with starvation, indicating the hypermetabolic demand of
the burn. This bio panel confirms the glucose and OGTT results, indicat-
ing that elderly have a decreased production of insulin andGI associated
peptides.

3.2.4. Molecular Biological Metabolic Markers
We hypothesized that elderly have an increased inflammatory and

ER stress response in the adipose tissue when compared with adults.
However, we found the opposite. While adults and elderly both in-
creased adipose ER stress after burn, elderly burn patients had a signif-
icantly decreased ER stress response in the adipose tissue when
compared with adult burn patients, p b 0.05 (Fig. 3A–D). While adults
had increased expression of ER stress markers, e.g. BiP, ATF-6, CHOP,
and XBP1s elderly showed a dampened ER stress with significantly de-
creased ER stress markers (Fig. 3A–D). Furthermore, we determined
pJNK-JNK and NLRP3 and found that both adults and elderly have simi-
lar expression patterns with significantly increased levels at early and
late time points (Fig. 3E–F); but there was no significant difference be-
tween adults and elderly.

Lastly, we determined the expression of the neutrophil marker
Myeloperoxidase (MPO) in adipose tissue and found that elderly have
significantly lower MPO expression in adipose at 0–3 days and
14–20 days after burn when compared with adults, indicating less neu-
trophils infiltration of the adipose tissue, p b 0.05 (Fig. 3G–I).

3.3. Inflammatory and Immune Responses

We hypothesized that elderly have an altered immune and inflam-
matory response. We first determined a panel of 6 cytokines and
chemokines over time. Based on pilot studies we found that elderly
have a distinct profile with an early hypo-inflammation followed by a
hyper-inflammation after 2 weeks post-burn (data not shown).
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Therefore, we divided the patients into 0–14 days post-burn and
N14 days post-burn. As depicted in Fig. 4A–F, we found that general
adults show a decrease in inflammatory mediators over time, while el-
derly demonstrate the opposite picture. IL-6, TNF, IL-15,MCP-1 andGM-
CSF all increased over the time course after burn, indicating a hypo-
inflammation followed by hyper-inflammation, which could explain
the syndrome of immune exhaustion, p b 0.05 (Fig. 4A–F).

This was corroborated by looking at immune markers. Monocyte
HLA-DR is a well-established indicator of immune status and indictor
of septicemia and mortality in critically ill patients (Cazalis et al.,
2013; Demaret et al., 2013). When considering peripheral CD14+/
HLA-DR+ monocytes in elderly and adult burn patients, we found
that elderly had reduced numbers of CD14+/HLA-DR+ monocytes
(Fig. 4G). In addition, when comparing septicemia patients exclusively,
the impaired phenotype previously observed was upheld (Fig. 4H). De-
spite a relatively steady impairment in CD14+/HLA-DR+ monocytes
expression in adults, elderly patients had a notable surge in at
30+ days post-injury. Lastly, severely burned (N30% TBSA) elderly pa-
tients showed a correlation between HLA-DR+ expression and length
of stay (Fig. 4I–J). Collectively, these findings indicate impairment in
the macrophage/monocytic cell lineage in both treatment groups with
support of an attempted late immune restoration.

3.3.1. Inflammasome
Analysis of theWhite adipose tissue (WAT) of burned patients with-

in thefirst 4-days post-injury shows that elderly patients have lessmac-
rophages (27 vs. 19%) and IL-1β+cells in the CD14+macrophage
fraction (3.0 vs. 2.2%, ns). These findings did not reach statistical signif-
icance likely due to the small sample size in this sub-study (representa-
tive images Fig. 4S A–B). When extending this analysis to the fraction of
CD14+,macrophages that are double-positive for IL-1β and FLICA (cas-
pase-1), both adults and elderly were higher than healthy controls
(t(19) = 3.752, p b 0.01; t(12) = 2.841, p b 0.05, Fig. 4S C–D) despite
a significant reduced level in elderly compared to young adults. Both
length of stay and Baux score correlated with the percentage of IL-
1β+, CD14+ cells (r2 = 0.54, p b 0.001; r2 = 0.57, p = 0.001, Fig. 4S
E–F). When relating adipose tissue inflammation to plasma cytokine
levels (b7 days post-injury), a positive correlation was also found be-
tween percentage of IL-1β + cells and IL-1α (p b 0.05) and IP-10 (p b

0.001), exclusive to elderly. Collectively, this suggests that early analysis
of inflammation in excised tissue, or site of injury, is dampened in the
entire elderly patient cohort, which is consistentwith the systemic cyto-
kine profile detected in patient plasma.

3.4. Wound Healing, Dermal and Epidermal Responses

A substantial difference between elderly and adults is a significantly
longer hospital stay for elderly when compared to adults. We hypothe-
sized that the longer length of hospital stay is due to a delay in wound
healing which is associated with an alteration of characteristics of skin
stem cells. It has been shown that Mesenchymal Stem Cells (MSCs)
have an important role in enhancing wound healing (Shumakov et al.,
2003). As such, we assessed the effects of burn injury on the progenitor
pool of young and elderly patients and examined the other characteris-
tics of cells contributing into skin healing. Stro-1 is a well-established
marker of mesenchymal progenitor cells which predominantly contrib-
ute in granulation tissue formation during skin healing. Moreover,
Octamer-Binding Transcription Factor 4 (OCT-4) is a transcription factor
which is associated with stem cell self-renewal. We analyzed the ex-
pression of thesemarkers in the dermal part of skin of both adult and el-
derly burn patients. Stro-1was significantly decreased (Fig. 5A–B) in the
skin of elderly compared to young adult burn patients, p b 0.05. Addi-
tionally, cells harvested from the skin of elderly and adults burn patients
also showed a decreased expression of Oct-4 (Fig. 5S), an embryonic
stem cell marker, p b 0.05, indicating an alteration in the skin stem
cell abundance in the skin of elderly burn patients.
Stem cells, which undergo rapid activation and proliferation within
hours after injury, exhibit a remarkable age-specific decline in perfor-
mance, as observed by diminished proliferation capacity when isolated
from different organs of aged animals (Teta et al., 2005; Geiger et al.,
2014; Kuang et al., 2015). As elderly burn patients have defects in
wound healing and that cell proliferation is an important phenomenon
in early wound healing, we suspected defects in the proliferation capac-
ity of mesenchymal stem cells in the skin of burn patients. In order to
asses this, the proliferation of mesenchymal cells harvested from the
burned skin of young adult and elderly burn patients were assessed
based on the expression profile of Ki-67. Cells obtained from elderly
burn patients showed significantly decreased proliferation (Fig. 5C–D)
in comparison to adult patients, p b 0.05.

Cell motility and migration play critical roles during wound healing
(Schneider et al., 2010; Amini-Nik et al., 2014). To further understand
the underlying mechanism of delayed healing in elderly, we examined
the migration characteristics of mesenchymal cells isolated from skin
of burn patients. Compared to the cells isolated from the burn skin of
young adults, elderly cells showed a profoundly reduced migration by
almost 50% (Fig. 5E–F). Wnt/β-catenin as well as TGF-β/Smad 2 signal-
ing plays an essential role during skin healing (Amini Nik et al., 2007;
Poon et al., 2009). These two pathways regulate proliferation,migration
and maturation of different cell types during different phases of skin
healing.We, therefore, examined the level of activation of these two im-
portant pathways in the burn skin. Immunoblotting of dermal compo-
nents of burned skin indicated that elderly patients exhibited a
significant lower activation of Wnt/β-catenin as well as TGF-β/Smad 2
signaling pathways in comparison with the skin of young adults
(Fig. 5G–J), p b 0.05. Taken together, these findings suggest that the im-
pairedwound healing observed in elderly burn patients associatedwith
reduced stem cell pool, a diminished self-renewal capacity of progenitor
cells, a deficient migration of MSC and an altered activation of essential
signaling pathways for skin healing. This might be the underlying rea-
son of increased length of stay in hospital for this group of patients
due to longer healing requirement.

4. Discussion

These studies were conducted to obtain insights into the pathophys-
iologic response to burn in elderly patients. We aimed to determine
physiologic and biochemical differences between adults and elderly in
order to uncover potentialmechanisms towhy elderly have a profound-
ly higher mortality rate. Over the last decades, changes in the care of
burned children and adults have improved outcomes significantly,
however mortality in elderly has not improved and the LD50 remained
steady at 35% TBSA burn. This lack of progress is of great importance in
light of a substantially growing elderly population. We hypothesized
that the response to burn injury must be different in elderly when com-
pared to adults. In this present study we determined metabolic, inflam-
matory, and immune responses, as well as skin regeneration to identify
possible mechanistic insights why elderly do so poorly.

We hypothesized that elderly have a higher mortality after a burn
associated with increased incidence of sepsis and infections, increased
hypermetabolism, increased inflammation, and increased incidence of
organ failure. To our surprise, we could not confirm this hypothesis in
its entirety. We were able to confirm in a large cohort that elderly pa-
tients with a like size burn have a significantly higher mortality when
compared to adults. However, our hypothesis that elderly have an in-
creased incidence of sepsis, bacteremia, pneumonia, cellulitis, and
burnwound infectionwas not proved; therewas no difference between
adults and elderly. Furthermore, there was no difference in the inci-
dence of renal failure, ACS, pulmonary embolism, DVT, or ARDS. The
only significant differences we were able to detect was an increased
Apache II score, Denver 2 score, increased lower GI bleed, and as men-
tioned above, mortality. Apache II and Denver 2 are organ function
and multi organ failure scores and they indicate that elderly have an



Fig. 3. Metabolic bio-molecular markers. (A–D) Adipose ER stress markers. Adults and elderly both increased adipose ER stress after burn, elderly burn patients had a significantly de-
creased ER stress response in the adipose tissuewhen compared with adult burn patients. (E–F) pJNK-JNK and NLRP3 and found that both adults and elderly have similar expression pat-
ternswith significantly increased levels at early and late time pointswith no significant difference between adults and elderly. (G–I)MPO in adipose tissue. Elderly have significantly lower
MPO expression in adipose at 0–3 days and 14–20 days after burnwhen compared with adults indicating less inflammatory infiltration of the adipose tissue. n= 5 to 8 per group. Data is
represented as mean ± SEM. * Significant difference between adults vs. elderly, p b 0.05.
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increased incidence of organ failure. Increased incidence of multi organ
failure is associated with increased mortality (Kraft et al., 2014) and
could be a possible explanation why mortality is increased in elderly
but given the complexity of the post-burn response this seems almost
too simplistic. We therefore investigated other possible causes contrib-
uting to increased mortality in elderly burn patients.

We hypothesized that elderly have an augmented inflammatory re-
sponse associated with an impaired immune response leading to im-
mune paralysis after a severe burn. We could not confirm our
hypothesis, but we found that during the early phases after burn elderly
were hypo-inflammatory with significantly decreased inflammatory
markers in serum and adipose tissue. We found that serum IL-6, MCP-
1, and IL-15, as well as adipose neutrophil infiltration, and
inflammasome activity are all significantly decreased in elderly during
early time points after burn when compared to adults. However, this
hypo-inflammatory and immune-senescent response then changed
into a hyper-inflammatory response, which is in contrast to adult burn
patients. While adults were hyper-inflammatory during the early
phases after burn and became less inflammatory at the end of their hos-
pital course, elderly were hypo-inflammatory during early phases
changing to a hyper-inflammatory state during later time points. It is
not entirely clear what the underlying mechanisms are causing this in-
verse response. We speculate that this could be due to an unresolved
stress and hypermetabolic response, for example by persistent danger
associated molecular pattern (DAMP's) or stress hormones, which in-
duces the immune system and inflammation but in a delayed fashion
(Diao et al., 2014; Lamkanfi et al., 2009). Supporting this hypothesis
are the findings that elderly have almost no neutrophil migration into
adipose tissue, MPO expression, as well as significantly decreased
CD14+ IL-1β cells. These results suggest that this population of patients
is unable to recruit sufficient inflammatory cells to the site of injury.
Such defect is expected to have severe consequences as inflammatory



Fig. 4. Inflammatory and immune profile in adult and elderly burned patients. (A–F) Adults show a decrease in inflammatorymediators over time, while elderly demonstrate the opposite
picture; IL-6, TNF, IL-15, MCP-1 and GM–CSF all increased over the time course after burn indicating a hypo-inflammation followed by hyper-inflammation. (G–J) Elderly had significantly
reduced numbers of CD14+/HLA-DR+ monocytes (G). Comparing septicemia patients exclusively, the impaired phenotype previously observed was upheld (H). Despite a relatively
steady impairment in CD14+/HLA-DR+ monocytes expression in adults, elderly patients had a notable surge in at 30+ days post-injury. Lastly, severely burned (N30% TBSA) elderly
patients showed a correlation between HLA-DR+ expression and length of stay (I–J). n for analysis of inflammatory cytokine: adult = 94 and elderly= 36. n for HLA-DR flow cytometry:
healthy = 11, adult = 37 and elderly 15. Data is represented as mean ± SEM. * Significant difference between adults vs. elderly, p b 0.05.
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cells are required to eliminate dead cells by phagocytosis, as well as
stimulatewound healing and prevent potential infections. These results
confirm the notion that elderly have an immune-senescent state and
decreased immune responses compared to adults. The challenge is to
figure out how to modulate this hypo-inflammatory followed by
hyper-inflammatory response to change the trajectory from morbidity
to recovery in elderly patients.

Another discovery of importance was the metabolic response to
burns in elderly. Elderly and adults do not seem to be different in
terms of hypermetabolism measured by predicted REE during the
early phases after burn (Jeschke et al., 2008b). Adults, show a decrease
in their metabolic need after 2–3weeks. However, elderly show the op-
posite, they increase theirmetabolic requirementswhich indicate a per-
sistent and increased hypermetabolic response during the later phase
after burn. This was reflected in glucose and lipid metabolism. Glucose
levels were significantly higher, despite the greater need of insulin,
and had a greater variability when compared to adults. Based on the
OGTT results and the metabolic profile results, it appears that this is
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due to a decreased function of the pancreas and β- cell production of in-
sulin. OGTT results indicate that elderly are similarly insulin resistant
but the significantly decreased insulinogenic index and decreased
HOMA2 index indicate a substantially impaired insulin production by
the pancreas. These results are supported by the metabolic Luminex
datawhich showed decreased c-peptide, PP, PYY, and glucagon in elder-
ly after burn. Therefore one would expect that elderly would require
higher insulin doses during the acute hospitalization to control glucose
level. This is in fact exactlywhatwe foundwhenwe determined glucose
levels and insulin requirements over time. The clinical relevance of hy-
perglycemia and high glucose variability is that they have been previ-
ously shown to be associated from a metabolic aspect with an
increased morbidity and mortality after burn (Jeschke et al., 2010). It
is currently not known whether hyperglycemia and insulin resistance
can cause organ damage via reactive oxygen species or increased in-
flammation or whether hyperglycemia and IR are symptoms of attenu-
ated organ function leading poor outcome. We can speculate based on
the organ function and multi organ failure scores that elderly have
worse organ function compared to adults and therefore high glucose
and lack of insulin are a symptom of poor organ function and not the
cause. It still remains unclear why elderly have poorer organ function
when compared to adults, and we suggest that at the cellular level, mi-
tochondria are dysfunctional or impaired resulting in organ failure. This
could be either due to pre-existing medical conditions (co-morbidities)
or pre-existing organ dysfunction or due to a lack of a resource to ade-
quately respond to stress or trauma. However, it seems imperative to in-
clude mitochondria analyses in future studies in elderly.

The exact function and role of fat and the adipose tissue on the hy-
permetabolic and inflammatory response are essentially unknown.
Fig. 5. Deficient characteristics of skin progenitor cells in elderly patients. (A–B) Representative
1+ cells. (C–D) Individual signals of 4,6-diamidino-2-phenylindole (DAPI) and anti-Ki-67 (gree
side amerged viewof DAPI. (E–F) Representative photomicrographs of a scratch assay performe
Migration was quantified by counting the number of cells migrating into the scratch zone. (G)
burned skin of elderly in compare with young adult. (H) Western blot showing lower activatio
young adult. Bar graphs show the means and standard deviation (n= 3–5). Three representat
nificant difference between adults vs. elderly, p b 0.05 and ** indicates p b 0.01.
Only recently, studies started to recognize that the fat plays an impor-
tant role in various metabolic and inflammatory conditions, e.g. diabe-
tes, DAMPs, inflammasome activation, to name a few (Talukdar et al.,
2011; Solinas et al., 2006).We have recently shown that after burn inju-
ries in children, elevated triglycerides contribute to multi organ failure
and increased risk for death via unknown mechanisms (Kraft et al.,
2013). Additionally we found that free fatty acids were significantly el-
evated after burn. In the present study, we found that elderly patients
have a significantly altered fatty acid profile when compared to adults.
These differences could explain some of the differences we observed
when comparing elderly to adults. Lipolysis and free fatty acids have
been linked to insulin resistance by several mechanisms. While fatty
acids can directly cause insulin resistance, they are also inducers of mi-
tochondrial alterations and ROS production, ER stress and inflamma-
tion, which in turn cause and worsen insulin resistance (Kim et al.,
2008). We found worsened glucose metabolism, augmented hypergly-
cemia and increased insulin resistance in elderly, and at the same time
we found increased FFA in elderly. Interestingly, while fatty acids, in
particular saturated fatty acids, can directly induce ER stress, we ob-
served a disconnection between fatty acids levels and ER stress in elder-
ly patients, suggesting that elderly may be unable to activate the
Unfolded Protein Response (UPR). In fact, since the function of the
UPR is to restore homeostasis in response to stress, it seems possible
that this lack of response is responsible for theworsened conditions ob-
served in elderly patients.

When fatty acids were clustered and analyzed as distinct families,
the elderly population showed many alterations. In particular, elderly
patients presented higher levels of saturated and monounsaturated
fatty acids. Interestingly, for several decades, saturated fatty acids have
immunohistochemistry staining is showing that skin tissue elderly patients has less Stro-
n) from isolated skin cells of young adults and elderly burned patients are shown on along-
dwith young adult skinmesenchymal cells and elderly's skinmesenchymal cells after 48 h.
Western blot showing lower activation (quantified in I) of Wnt/β-catenin signaling in the
n (quantified in J) of TGF-β/Smad2 pathway in the burned skin of elderly in compare with
ive lysates of 3 subjects have been shown here. Data is represented as mean ± SEM. * Sig-
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been associated with numerous ailments and immuno-metabolic con-
ditions including diabetes (Fu et al., 2011). The elevation in the percent-
age of MUFAs was common between the adult and elderly burned
patients and was in large part attributable to the increased release of
oleic acid,which is themost abundantMUFA in the circulation. Interest-
ingly, oleate has been linkedwith insulin resistance and its interconnec-
tion with inflammation (Shi et al., 2006). In contrast with the Saturated
Fatty Acids (SFAs) andMonoUnsaturated Fatty Acids (MUFAs), the Poly
Unsaturated, the omega3 and omega 6 fatty acids were significantly de-
creased in the elderly population. The decreased percentage of Poly Un-
saturated Fatty Acids (PUFAs) was in large proportion caused by lower
percentage of the two essential fatty acids alpha-Linolenic and Linoleic
Acids. Consumption of these two essential fatty acids as well as omega
3 is associated with lower inflammation, improved insulin sensitivity
and better prognosis in critically ill patients (Simopoulos, 1991;
Riserus et al., 2009; Martin and Stapleton, 2010). All together, the fatty
acids profile in elderly burned population indicate that lowering lipoly-
sis and circulating Non-Esterified Fatty Acids (NEFAs)may represent an
attractive strategy to dampen the consequences of thermal injury in the
elderly population. Furthermore, in addition to lowering plasma NEFAs,
restoring the balance in the fatty acid population with a nutritional in-
tervention aiming at lowering the percentage of SFAs and MUFAs
while increasing PUFAs, in particular the two essential fatty acids and
the omega3 fatty acids may provide additional benefits on the condi-
tions of the patients.

When normalized for burn size, elderly had a significantly longer
hospital stay of approximately 1 day per percent burn, when compared
to adults. Our data on characteristics of skin progenitor cells highlight
another line of alteration that we observed in elderly patients in com-
pared with young adults. Aging is a complex phenomenon which is as-
sociatedwith a progressive weakening in homeostatic and regenerative
capacities of different tissues. Our data suggest that elderly patients are
not only deficient in the tissue-specific stem cells but also the niche and
systemic cues that regulate stem cell activity are perturbed. As noted,
failure in initiation of an inflammatory cascade in elderly burn patients
is one the hallmark of our study. In post-natal life, the inflammatory re-
action is a foreseeable consequence of skin injury (Bielefeld et al., 2013;
Amini-Nik et al., 2011). Several experimental studies demonstrated that
inflammation is vital in the formation of skin homeostasis following in-
jury (Abdullahi et al., 2014). Although an optimal level of inflammatory
responses is necessary for healing, failure to start inflammatory re-
sponses have been attributed to the deficient healing. In the early
phase of wound healing, some cytokines which are mainly released by
platelets (Singer and Clark, 1999; Schultz et al., 2011) entice inflamma-
tory cells like neutrophils and monocytes into the site of injury. Cyto-
kines such as TGF-β and platelet-derived growth factor (PDGF) have
essential role in this attraction. Moreover, macrophages release TGF-β
and other cytokines, and thereby enhance the migration of mesenchy-
mal and epithelial cells into the wound (Singer and Clark, 1999;
Mahdavian Delavary et al., 2011), both are accompanied with the acti-
vation of Wnt/β-catenin signaling pathway (Bielefeld et al., 2011).
Since we observe a lower activation of these two essential pathways
in the burned skin of elderly patients (ie:Wnt/β-catenin and TGF-β sig-
naling pathways) suggest that failure in initiation of an inflammatory
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cascade is the prominent underlying mechanism in the disturbed
healing observed in elderly. Nevertheless, as mentioned, aging is a mul-
tifaceted phenomenon and hence alteration in stem cells, their niche,
systemic cues that regulate stem cell activity, the gender of patients
(Hardman and Ashcroft, 2008) converge together, leading to a deficient
skin healing in elderly burn patients compared with young adults. We
would like to mention that it is not entirely clear to what extend pre-
existing co-morbidities contribute to poor outcomes. As expected we
found that elderly have significantly more premorbid conditions when
compared to adults. A pre-existing premorbid condition may cause
chronic stress or physiological alterations that may affect cells or sys-
tems and decrease their ability to adequately respond. Pre-morbid con-
ditions have to be included as they are widely present in elderly. But as
the population is expected to substantially grow over the next decades,
patients with premorbid conditions will follow the same trend. There-
fore we need to account for these conditions.

This paper is to highlight a great number of abnormalmarkers in this
category of patients. The future essential step is to control for the health
status elderly and compare the two groups. Nevertheless, this transla-
tional study is the first to highlight a great number of abnormalmarkers
to explain why elderly have such a poor outcome and advance the sci-
ence in an area that has not progressed for the last 2–3 decades. We
have found that elderly have a significantly greater mortality after
burn when compared to adults with like size burn sizes. We were able
to identify several pathophysiologic responses that are associated with
the detrimental outcomes. It appears that elderly are at higher risk to
develop multi organ failure, are unable to decrease their metabolic
needs over time, express profound alterations in glucose and fatmetab-
olism, have an impaired and reversed immune-response with the in-
ability to adequately respond to stress, and lastly have a significantly
impaired capacity for dermal and epidermal regeneration due to a de-
creased stem cell pool and dysfunctional stem cells. All of these contrib-
utors are pieces of a complex clinical picture and the next steps are now
to further extract these pathophysiological pathways to elucidate more
cellular responses and mechanisms particularly in compare with non-
burnt elderly in order to develop novel intervention improving the out-
comes of severely burned elderly.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.ebiom.2015.07.040.
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