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Abstract: The mechanisms underlying the effects of severe burn trauma are not well understood. We previously
demonstrated the ability of nephrilin peptide (an iron-binding peptide believed to enter cells through iron-uptake
pathways) to suppress aspects of the neuroinflammatory response in a rat scald model, as well as sepsis mortality
in @ mouse model. This study explores the effect of nephrilin on other clinically relevant outcomes in the rat scald
model. In a rat scald model, animals were treated with nephrilin either in week 1 or week 2 post-burn. Measure-
ments were made of serum glucose and creatinine as well as wound area by planimetry and body composition
by DEXA. Given the potential role of iron, results were analyzed both for the entire cohort of animals and for the
normoferremic (>100 ug/dL serum iron) subset of animals. Nephrilin improved body composition, wound healing,
kidney function, and glycemic control. The first two effects were significant in normoferremic but not in hypoferremic
animals suggesting an effect of iron status on burn injury outcomes. Nephrilin treatment modulates a number of

relevant variables in the rat scald model.
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Introduction

Severe burn trauma is associated with a vast
array of secondary effects including systemic
neuroinflammation, loss of lean body mass,
sepsis, organ failure, loss of glycemic control,
delayed wound healing, neuropathies, and cog-
nitive deficits. These serious and enduring
complications can lead to substantial morbidity
and mortality [1-6]. We previously showed the
pleotropic effects of nephrilin peptide in com-
bating post-burn systemic neuroinflammation
and sepsis in rodent models [7]. We examine
the hypothesis that nephrilin exerts positive
effects upon other relevant variables in the rat
scald model. In this work we extend our earlier
study to a number of clinically significant vari-
ables such as glycemic control, wound healing,
loss of lean body mass, and organ function.

In the earlier study, treatment effects with
nephrilin were observed after animals received
daily injections over a 14-day period, beginning
immediately after injury. In this study we explore
treatment with nephrilin either from Day 1-7 or
Day 8-14. We also begin treatment of the first
group 2 hours after scald injury to more appro-
priately mimic real life, where most admissions
to burn trauma units occur within two hours
post-injury.

Severe trauma is associated with inflammatory
anemia mediated by hepcidin, an iron-regulato-
ry protein in serum and a current target of ther-
apy in critical illness [8, 9]. In this work we
explore the possible role of hepcidin-controlled
iron metabolism in modulating the effects of
nephrilin, an iron-binding peptide [12]. Fourteen
days after scald injury we observed that up to a
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third to one half of rats in the model showed
serum iron levels below 100 ug/dL. Given the
potential role of iron in the effects of this pep-
tide, results were analyzed both for the entire
cohort of animals and for just the normoferre-
mic (>100 ug/dL serum iron at Day 14) subset
of animals, to see if persistent hypoferremic
status might play a role in some or all of the
peptide’s effects.

Nephrilin is a 40-mer peptide designed as a
competitive inhibitor of mammalian target of
rapamycin complex 2 (MmTORC2) binding to
PRR5/Protor, and has previously been shown
to modulate the neuroimmune response to a
variety of xenobiotic and metabolic stressors in
rodents [10, 11]. When injected into mice at
high doses daily for 26 days, nephrilin gener-
ates no visibly differential pathology compared
to vehicle [11]. Nephrilin contains a metal-bind-
ing domain known to bind ferrous (Fe2*) and
ferric (Fe3*) iron [12]. Based on crosslinking
studies, uptake of this metal-binding domain
into mammalian cells significantly involved
binding to integrin-beta-3, a component of the
ferric uptake pathway [13] as well as to trans-
ferrin receptor [14].

In this study we used nephrilin in a well-charac-
terized rat scald model [7] to examine its
effects on clinically relevant variables. We paid
particular attention to the possible impact of
hepcidin status on these effects.

Materials and methods
Reagents

Nephrilin peptide, a 40-mer peptide carrying a
sequence derived from PRR5/Protor (the
sequence is conserved in human, rat and
mouse species) was synthesized by Genemed
Synthesis (San Antonio, TX) and purified to
>80% purity by HPLC. The design and synthesis
of nephrilin have been previously described
[11]. BCA Protein Kit was from Pierce (Rockford,
IL). Antibodies for ELISAs were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA).
Cellytic M cell lysis reagent and the iron assay
kit were obtained from Sigma (St. Louis, MO).
Serum iron reference range was 60-170 ug/dL.
The cutoff for allocation to the hypoferremic
group was <100 ug/dL (n=12 per group). No
animals in the cohort were hyperferremic (>170
ug/dL). Hepcidin was measured using a kit pur-
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chased from MyBiosource, Inc. (San Diego, CA).
GDF15 ELISA kit was purchased from Biomatik
(Wilmington, DE).

Nephrilin administration

Treatment group sizes were as follows: group S
(n=4) sham-treated; group B (n=8) burn +
saline; group N1 (n=9) burn + nephrilin daily,
days 1-7; group N2 (n=5) burn + nephrilin, days
8-14. Nephrilin was administered once daily by
subcutaneous bolus at 4 mg/kg, with the first
dose administered after completion of the
scald procedure. Injection volume was 400 uL.
Control animals received the same volume of
saline. The 4 mg/kg daily dosage of nepbhrilin
was selected based on its demonstrated safety
and efficacy in eleven different rodent models
tested to date [7, 10, 11, 14; and unpublished
datal. In a non-GLP study, mice treated daily
with 20 mg/kg nephrilin by subcutaneous bolus
for 26 days showed no differential toxicology in
major organs when compared to a saline con-
trol [11]. For analysis of the normoferremic sub-
set, animals with <100 ug/dL serum iron were
excluded from the analysis. Each of the treat-
ment groups turned out to have exactly four
normoferremic animals (>100 ug/dL serum
iron) and these were used in the analysis of the
normoferremic subset.

Rat scald model

The rat scald burn model [7] is a modified
Walker-Mason model that induces inflamma-
tion and hypermetabolism in line with what
severely burned patients experience. The mo-
del results in a mortality rate of <1%. Adult
male Sprague Dawley rats (275-300 gm,
Charles River Laboratories, Wilmington, MA,
USA) were housed in clean cages on a 12 hrs
light/dark cycle with access to food (standard
chow) and water ad libitum. Animals were
allowed to acclimate for one week prior to the
experiment. All animal procedures were per-
formed in adherence to the National Institute of
Health’s Guide for Care and Use of Laboratory
Animals and approved by the Institutional
Animal Care and Use Committee (IACUC) of the
University of Texas Medical Branch at Gal-
veston. All procedures were initiated in the
morning between 7 and 10 a.m. Prophylactic
analgesia (0.05 mg/kg body weight Bupreno-
rphin) was administered 5 min before general
anesthesia (40 mg/kg body weight ketamine/
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Figure 1. Serum hepcidin. #p<0.05 relative to S
(sham) group. *p<0.05 relative to B (burn + saline)

group.

xylazine). The dorsum of the trunk and the
abdomen were shaved, and a 60% of total body
surface area (TBSA) burn administered by plac-
ing the animals in a mold and immersing them
in 98-100°C water for 10 seconds on the back
and for 2 seconds on the abdomen. This meth-
od delivers a full-thickness cutaneous burn as
confirmed by histological examination. Burned
rats were immediately resuscitated with 40 cc/
kg Ringer’'s Lactate injected intraperitoneally.
Animals in the sham group were treated exactly
as described above for burned animals except
that the animals were not placed in hot water.
Animals were randomly assigned to treatment
groups, and nephrilin (4 mg/kg) or saline were
administered by subcutaneous bolus daily.
Each treatment group comprised 4-9 animals
per time point. At the end of the study period
animals were euthanized by decapitation as
approved by the University of Texas Medical
Branch IACUC guidelines, the NIH’s Office of
Laboratory Animal Welfare (OLAW), and the
AVMA recommendations. Animals were eutha-
nized on day 14. All tissues and organs of inter-
est were rapidly dissected or collected and
flash frozen in liquid nitrogen with subsequent
storage at -80°C.

Glucose tolerance test

Fourteen days post-burn, the rat tail was
snipped and the baseline glucose level mea-
sured using a BAYER contour blood glucose
monitoring system. The rats were then injected
with glucose and readings were performed at
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15 min, 30 min, 45 min, and 60 min post-injec-
tion. The animals were then euthanized and the
blood was collected for further analysis. Results
were expressed as AUCs (ug/dL/hr) over base-
line over the sampling period.

Body composition

Dual-energy-x-ray absorptiometry (DEXA) scans
were performed at 14 days post burn to mea-
sure lean body mass (LBM), bone mineral con-
tent (BMC), and fat mass (FM) using DEXA
(QDR-4500W model, Hologic, Waltham, MA).
Using a small phantom, the machine is calibrat-
ed daily before use and the data were recorded
using the small animal software package. The
measurement of different tissues in the body
using the DEXA is based on the principle that
the intensity of a beam of x-rays passing
through the rat body is related to the thickness,
density, and chemical composition of the tis-
sues traversed [15]. Each scan takes 90 sec-
onds and is performed on isofluorane anesthe-
tized rats.

Wound closure

The burn wounds of anesthetized rats were
traced on a transparent film. Planimetric mea-
surement of the surface area of the wound was
performed using Image software.

Kidney function via eGFR

Kidney function was indirectly assessed by
measuring serum creatinine. eGFR (ml/min/
100 g animal body weight) was computed as
previously described [16].

Tissue protein extracts and ELISAs

ELISAs were performed as previously described
[7, 10, 11]. Serum iron, GDF15, hepcidin, CX-
CL5, and EGF and urinary hepcidin were mea-
sured. Owing to insufficiency of serum sample,
EGF assay data are available for only a subset
(n=6-7) of animals.

Statistical analysis

Data are presented as means + SD. Probability
values (p values) were computed using Stu-
dent’s t-test and expressed relative to sham or
saline-treated group. Group size for treatment
groups was 4-9 animals, depending on the
experiment (actual number indicated in Me-
thods, above).
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Table 1. Tissues from hypoferremic (<100 ug/dL) and normoferremic (100-170 ug/dL) groups were
analyzed as described in Methods

Category Iltem Hypoferremic  Normoferremic p value
Controls Total serum iron (ug/dL) 715+ 171 1475 + 29.3 0.001
Urinary hepcidin (ng/pg cys C) 115.4 + 18.4 80.8+31.1 0.044
Spleen weight (grams) 1.65 +0.51 1.20 £ 0.20 0.046
Serum Cytokines/Growth Factors GDF15 (ng/ml) 0.58 £0.18 1.03+0.34 0.011
CCL2 (ng/ml) 1.89 £ 0.67 2.02+0.45 0.678
CCL5 (ng/ml) 35.3+62.1 2.20+291 0.175
CXCL5 (ng/ml) 3.34+0.75 1.77 + 1.37 0.024
EGF (ng/ml) 1.37 £ 0.79 2.39+0.58 0.022
Clinically Relevant Glucose tolerance (mg/dL/hr) 72.5+46.0 88.4 + 35.6 0.464
eGFR (ml/min/100 g) 0.86 + 0.29 0.97 £ 0.63 0.693
Dorsal wound area (% avg) 109.1+13.6 320.7 +15.0 0.037
Lean Mass (DEXA) 306.1+16.9 320.7£15.0 0.037
Fat Mass (DEXA) 21.2+5.8 16.1+4.5 0.026
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Figure 2. Left panels: glycemic control. Right panels: kidney function.
#p<0.05 relative to S (sham) group. *p<0.05 relative to B (burn + saline)

group.

Results

Iron status impacts post-burn variables in the
rat scald model

Hepcidin-regulated anemia has been docu-
mented in human trauma [8]. We measured
serum hepcidin (Figure 1) and observed a sig-
nificant elevation of hepcidin levels in the burn
group, as expected. This elevation was signifi-
cantly reduced by early (N1) nephrilin treat-

a7

B

and three clinically-relevant va-
riables (wound healing, lean
mass, and fat mass). For these
latter three variables we subse-
quently used only the normofer-
remic subset of animals (see
Methods) in assessing group
differences in order to exclude the possible
confounding effects of iron metabolism.

N1 N2

Nephrilin administration reduces post-burn
insulin resistance

Glycemic control is dysregulated in burn trauma
[3, 4]. We assessed glucose area under the
curve over a two-hour period following bolus
injection of glucose. In addition, we measured
glycemic control in treated animals by measur-
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calculated eGFR in the treat-
ment groups (Figure 2, right
panel). Serum creatinine is sig-
nificantly elevated, and eGFR
depressed, in burn trauma.
These perturbations are nor-
malized by early (N1), but not
late (N2) treatment with ne-
phrilin.

Improvements in post-burn
body composition and wound
healing result from adminis-
tration of nephrilin

Dorsal Wound Area (% Avg)

Serum EGF (ng/ml)

Loss of lean mass in burns is
proportional to glycemic dys-
regulation [4]. Figure 3 shows
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the results obtained in the nor-
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animals. Early treatment with
nephrilin (N1) significantly am-
eliorated the loss of lean body
mass (bottom left panel). Con-
versely, late treatment (N2)
significantly improved wound
healing (top left) and reduced
fat mass (bottom right). Fat
* storage is modified in burn
patients, with reduction in pe-
ripheral fat mass and increas-
es in central fat mass fre-
quently reported [5]. The top
right panels show the negative

S B N1 N2

ing serum insulin levels. The results are shown
in Figure 2 (left panel). Glucose and insulin are
significantly elevated in burned animals. This
elevation is significantly reduced by early (N1)
treatment with nephrilin, but not by late (N2)
treatment.

Nephrilin administration reduces post-burn
renal dysfunction

Renal dysfunction has been documented in
trauma [6]. We measured serum creatinine and
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Figure 3. Top left: wound area as percent of average area for entire cohort
(note that sham group has no wound). Top right: serum markers EGF versus
wound area or CCL5 in all animals. Bottom panels: DEXA data. #p<0.05
relative to S (sham) group. *p<0.05 relative to B (burn + saline) group.

linear relationships between
serum EGF and wound area
(r>=0.738) on the one hand,
and with serum CCL5 (r?=
0.85) on the other. EGF and
CCL5 have been associated
with platelet counts [17]. EGF
may mediate wound healing
while CCL5 may play a part in the newly discov-
ered role of platelets in inflammation [18].

Discussion

In this small, preliminary study, we elucidated
the pleotropic effects of nephrilin peptide in a
rat burn model. The results of this study dem-
onstrate the importance of two overarching
variables: iron status and timing of nephrilin
administration. An initial global evaluation of
outcomes based on iron status revealed that
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some, but not all, of the clinically relevant
effects of nephrilin in this model were signifi-
cantly dependent on iron status. As a result, we
restricted the analysis of those effects to the
normoferremic subset of animals in the study.

We examined the timing of the administration
of nephrilin, but these results need to be con-
firmed in larger studies as the differences
between the treatment groups may be solely
due to the small number of animals per group.
Early (post-burn week one, N1) treatment with
nephrilin significantly reverses the effects of
burn trauma on glycemic control, renal func-
tion, and loss of lean body mass. Late treat-
ment (post-burn week two, N2) with nephrilin
has significant and positive effects on wound
healing and fat mass. Taken together, these
observations may have relevance to the tempo-
ral disruption of clinical variables in the morbid-
ity and mortality associated with burn trauma
[41.

Coupled with earlier observations on the
effects of nephrilin on neuro-inflammation in
this rat model and sepsis in a murine model [7],
the pleotropic efficacy of nephrilin peptide on
some of the most significant negative conse-
quences of burn trauma suggests an effect of
this peptide on the underlying mechanism by
which burn trauma produces its pleotropic
sequelae. As the biochemical nature of this
mechanism has never been fully elucidated,
nephrilin offers a tool for studying this question
further. In work to be published elsewhere we
have made a detailed study of possible mecha-
nisms, with a focus on oxidative metabolism
(Mascarenhas D, unpublished). In this context
it is worthy of mention here that the previous
study showed elevations in inflammatory mark-
ers IL-6 and TNF-alpha in plasma at early times
post-burn (first 24 hours). Treatment with ne-
phrilin suppressed those elevations. That earli-
er observation is consistent with the effects of
early (N1) treatment observed in the current
study.

Our observations suggest a possible dual role
for platelets in the wound-healing process in
burns. Strong correlations between the anabol-
ic growth factor EGF and the rate of wound
healing, on the one hand, and between EGF
and CCL5, on the other, suggest the possibility
of a push-pull role for platelets in this process.
Platelets secrete both EGF and CCL5, the for-
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mer a growth factor, the latter a pro-inflamma-
tory chemokine [17]. Platelets are known to
express and release elements that promote tis-
sue repair and promote wound healing. The role
of platelets as regulators of inflammation has
only recently been more fully appreciated [18].

The effect of serum iron on the efficacy of
nephrilin in this model is intriguing. At face
value, the fact that the metal-binding domain
(MBD) in the nephrilin sequence binds both fer-
rous and ferric iron [12], coupled with the fact
that cross-linking studies in live cells [14] have
implicated uptake of the MBD with transferrin
receptor, as well as integrin beta-3, a compo-
nent of the ferric ion uptake system, these
present observations suggest the possibility of
exploring the administration of nephrilin as a
peptide:iron complex in future studies.

The effect of timing of administration on the
efficacy of nephrilin in burn trauma also raises
some obvious questions for future study. Is a
seven-day treatment beginning immediately
post burn necessary to achieve the observed
early effects in this model, or will a shorter
treatment window suffice? Does the time of ini-
tiation of therapy impact outcomes? Will effec-
tive treatment of burns with nephrilin optimally
involve a regimen of separate early and late
windows of treatment? We intend to address
these questions in future experiments.

Acknowledgements

This project was supported by grants from:
R01-GM56687 and P50-GM-60338 to D.N.H.,
R0O1-GM-112936 to C.C.F. The project was con-
ducted with the support of UTMB's Institute for
Translational Sciences, supported in part by a
Clinical and Translational Science Award (UL-
1TRO0O0071) from the National Center for
Advancing Translational Sciences (NIH). We
thank Ye Wang for technical support during the
experiments and Clark Andersen, staff statisti-
cian, for statistical review.

Disclosure of conflict of interest
None.

Address correspondence to: Dr. Desmond D Masca-
renhas, Mayflower Organization for Research and
Education, 428 Oakmead Pkwy, Sunnyvale, CA
94085, USA. Tel: 408-523-6279; E-mail: desmond@
protigen.com

Int J Burn Trauma 2016;6(3):44-50


mailto:desmond@transporin.com
mailto:desmond@transporin.com

Broad efficacy of nephrilin peptide in burns

References

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

50

Jeschke MG, Pinto R, Kraft R, Nathens AB,
Finnerty CC, Gamelli RL, Gibran NS, Klein MB,
Arnoldo BD, Tompkins RG, Herndon DN. Mor-
bidity and survival probability in burn patients
in modern burn care. Crit Care Med 2015; 43:
808-815.

Norbury W, Herndon DN, Tanksley J, Jeschke
MG, Finnerty CC. Infection in Burns. Surg Infect
(Larchmt) 2016; 17: 250-255.

Jeschke MG, Pinto R, Herndon DN, Finnerty
CC, Kraft R. Hypoglycemia is associated with
increased postburn morbidity and mortality in
pediatric patients. Crit Care Med 2014; 42:
1221-1231.

Chondronikola M, Meyer WJ, Sidossis LS, Oje-
da S, Huddleston J, Stevens P, Bgrsheim E,
Suman OE, Finnerty CC, Herndon DN. Predic-
tors of insulin resistance in pediatric burn in-
jury survivors 24 to 36 months postburn. J
Burn Care Res 2014; 35: 409-415.

Patel P, Sallam HS, Ali A, Chandalia M, Suman
O, Finnerty CC, Herndon DN, Abate N. Changes
in fat distribution in children following severe
burn injury. Metab Syndr Relat Disord 2014;
12: 523-526.

Kraft R, Herndon DN, Finnerty CC, Shahrokhi
S, Jeschke MG. Occurrence of multiorgan dys-
function in pediatric burn patients: incidence
and clinical outcome. Ann Surg 2014; 259:
381-387.

Mascarenhas DD, El Ayadi A, Singh BK, Prasai
A, Hegde SD, Herndon DN, Finnerty CC. Nephri-
lin peptide modulates a neuroimmune stress
response in rodent models of burn trauma and
sepsis. Int J Burns Trauma 2013; 3: 190-200.
Sihler KC, Raghavendran K, Westerman M, Ye
W, Napolitano LM. Hepcidin in trauma: linking
injury, inflammation, and anemia. J Trauma
2010; 69: 831-837.

van Eijk LT, Kox M, Pickkers P. Hepcidin as a
target of therapy in the treatment of anemia
after trauma. Crit Care Med 2015; 43: e36-37.

(10]

(11]

(12]

(13]

(14]

(15]

[17]

(18]

Mascarenhas D, Routt S, Singh BK. Mammali-
an target of rapamycin complex 2 regulates
inflammatory response to stress. Inflamm Res
2012; 61: 1395-1404.

Singh BK, Singh A, Mascarenhas DD. A nuclear
complex of rictor and insulin receptor sub-
strate-2 is associated with albuminuria in dia-
betic mice. Metab Syndr Relat Disord 2010; 8:
355-363.

Singh B, Charkowicz D, Mascarenhas D. Insu-
lin-like growth factor-independent effects me-
diated by a C-terminal metal-binding domain of
insulin-like growth factor binding protein-3. J
Biol Chem 2004; 279: 477-487.

Conrad ME, Umbreit JN. Pathways of iron ab-
sorption. Blood Cells Mol Dis 2002; 29: 336-
355.

Huq A, Singh B, Meeker T, Mascarenhas D. The
metal-binding domain of IGFBP-3 selectively
delivers therapeutic molecules into cancer
cells. Anticancer Drugs 2009; 20: 21-31.
Branski LK, Norbury WB, Herndon DN, Chinkes
DL, Cochran A, Suman O, Benjamin D, Jeschke
MG. Measurement of body composition in
burned children: is there a gold standard?
JPEN J Parenter Enteral Nutr 2010; 34: 55-63.
Fleck C. Determination of the glomerular filtra-
tion rate (GFR): methodological problems, age-
dependence, consequences of various surgi-
cal interventions, and the influence of different
drugs and toxic substances. Physiol Res 1999;
48:267-279.

Feng X, Scheinberg P, Samsel L, Rios O, Chen
J, McCoy JP Jr, Ghanima W, Bussel JB, Young
NS. Decreased plasma cytokines are associ-
ated with low platelet counts in aplastic ane-
mia and immune thrombocytopenic purpura. J
Thromb Haemost 2012; 10: 1616-1623.
Jenne CN, Kubes P. Platelets in inflammation
and infection. Platelets 2015; 26: 286-292.

Int J Burn Trauma 2016;6(3):44-50



