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Naturally occurring antimicrobial peptides (AMPs) are effector molecules secreted by several cell types but
especially by cells of the innate immune system such as macrophages. AMPs largely avoid resistance acquired by
bacteria to man-made antibiotics. Different short chain fatty acids (SCFAs) have proven to be efficient inducers of
AMP secretion. The SCFA butyrate is an endogenous histone deacetylase inhibitor that has been shown to induce
the expression of the AMP cramp (cathelicidin LL-37) in cells of the immune system and mucosal epithelium,
which provides protection against pathogens. Clinical applications of butyrate, however, are limited due to its
cytotoxic effects. Hydroxylated derivatives of butyrate (2-hydroxybutyrate [2HB], 3-hydroxybutyrate [3HB], and
4-hydroxybutyrate [4HB]) are also endogenous molecules, but their capability of inducing AMP expression has
been unexplored. 4HB has been used for the production of polymeric surgical meshes intended for soft tissue
repair. This study evaluated the ability of hydroxylated derivatives of butyrate to induce the upregulation of AMPs
in murine bone marrow-derived macrophages in vitro. Noncytotoxic effects and increased cramp and b-defensin-4
were found to be induced by 4HB. An in vivo increased resistance to deliberate bacterial contamination was shown
by a surgical mesh composed of a polymer of 4HB compared with polypropylene surgical mesh.

Keywords: antimicrobial peptides, histone deacetylase inhibition, short chain fatty acids, sodium butyrate, 2-
hydroxybutyrate, 3-hydroxybutyrate, 4-hydroxybutyrate

Impact Statement

This study evaluated the biological activity of hydroxylated derivatives of butyrate as inductors of antimicrobial peptides (AMPs)
in murine bone marrow-derived macrophages in vitro. A differential modulation of AMP expression by the hydroxylated
derivatives of butyrate is shown. The ability of sodium 4-hydroxybutyrate to upregulate AMP expression through a histone
deacetylase inhibitory-independent mechanism, and to promote increased resistance to bacterial contamination in vivo are also
shown. The findings provide an alternative for prevention of bacterial contamination of implanted biomaterials. Functionalization
of biomaterials with hydroxylated derivatives of butyrate can enhance the endogenous antimicrobial activity of the immune
system through increased production of AMPs by host cells, thus providing protection against bacterial contamination.

Introduction

B iomaterial-associated infections and the emer-
gence of antibiotic-resistant bacteria represent signifi-

cant challenges for surgeons and the field of biomaterials, in
general. Surgical site infections are considered the main
cause of implant failure,1 with an incidence as high as 33%.2

Current strategies to prevent such infections are only mar-
ginally effective, especially with respect to biofilm forma-

tion. Moreover, the indiscriminate use of antibiotics and the
suboptimal concentrations of antibiotics used when admin-
istered within the wound site or as coating for biomaterials
can actually promote biofilm formation and an increased
resistance to the antimicrobial agents.3,4

Antimicrobial peptides (AMPs) have long been recog-
nized as part of the innate immune system defense against
pathogens. AMPs can be effective even when bacteria are in
a quiescent stage within a protective biofilm, providing an
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advantage over most current antibiotic agents,4 and can
prevent bacterial-associated biofilm formation5 and persis-
tent infection.6,7

The major groups of AMPs in mammals are defensins, ca-
thelicidins, and histatins.8 The mechanisms of action of AMPs
include their ability to interact with negatively charged bacterial
membranes because of their cationic polarity, and promote
disruption and permeabilization of the bacterial membrane.
AMPs can also target and block specific molecules of bacterial
metabolic pathways.5 Various AMPs have been shown to
downregulate the gene expression of molecules required for
bacterial motility and matrix synthesis through inhibition of
transcriptional activators of the quorum-sensing systems and
the intracellular stringent response signal (p)ppGpp, affecting
bacterial communication within the biofilm.4

The functions of AMPs extend beyond antimicrobial
activity. For example, defensins and cathelicidins are che-
moattractants for immune cells to enhance the host response
to bacterial contamination or infection.9,10 The role of ca-
thelicidin LL-37, the only human cathelicidin, in wound
healing11–13 and angiogenesis14 has been recognized. Ca-
thelicidin LL-37 is also implicated in a seemingly para-
doxical response, since it promotes the expression of anti-
inflammatory cytokines in already activated proinflammatory
immune cells, acting as a modulator of the immune response
and promoting local tissue homeostasis.9

Short chain fatty acids (SCFAs) are endogenous molecules
with distinctive structural and functional activities. Butyrate
represents one of the most abundant SCFAs produced by com-
mensal microbiota in the gastrointestinal tract,15 and promotes
tissue homeostasis through its activity as a histone deacetylase
(HDAC) inhibitor,16 with associated immunomodulatory
functions17 and increased secretion of AMPs.18 Hydroxylated
derivatives of butyrate, namely 2-hydroxybutyrate (2HB), 3-
hydroxybutyrate (3HB), and 4-hydroxybutyrate (4HB), are
endogenous metabolites in other tissues.19–22

In particular, 4HB has been exhaustively studied for its role
as modulator of the neurotransmitter g-aminobutyric acid
(GABA) in the central nervous system (CNS),20 and for its
protective effects against stress and ischemia.23 Moreover, 3HB
and 4HB have been used for the production of polymeric mesh
materials for soft tissue repair and regenerative medicine ap-
plications.24,25 The potential of hydroxylated forms of butyrate
to control bacterial infections through promotion of endoge-
nous upregulation of AMPs, however, remains unknown.

The objectives of this study were to characterize the ex-
pression of AMPs in murine bone marrow-derived macro-
phages stimulated with hydroxylated forms of butyrate
in vitro, and whether the AMP induction involved changes
in the HDAC activity. The ability of a 4HB polymer to resist
bacterial contamination in vivo was also investigated.

Materials and Methods

Monomers

Sodium butyrate (Cat. No. B5887; Sigma), butyric acid (Cat.
No. B103500; Sigma), sodium 2-hydroxybutyrate (Na-2HB,
Cat. No. 220116; Sigma), 2-hydroxybutanoic acid (Acid-2HB,
Cat. No. CDS000492; Sigma), sodium 3-hydroxybutyrate (Na-
3HB, 54965; Sigma), 3-hydroxybutyric acid (Acid-3HB, Cat.
No. 166898; Sigma), and sodium 4-hydroxybutyrate (Na-4HB,
G-001; Sigma) were used in this study (Supplementary

Fig. S1). The methanol containing the Na-4HB was evapo-
rated at room temperature and the Na-4HB was further sol-
ubilized in sterile type I water. Only a sodium salt form of
4HB (Na-4HB) was included in the study. The monomer 4-
hydroxybutyric acid is a controlled substance and not com-
mercially available and, therefore, was not evaluated herein.

Overview of experimental design

In vitro study. The effects of acid and sodium salt forms of
butyrate and its hydroxylated derivatives upon HDAC activity
and the expression of the AMP cramp (cathelicidin LL-37), and
b-defensins 2, 3, and 4 in murine bone marrow-derived mac-
rophages were determined. A dose–response curve was estab-
lished for each SCFA to determine effects upon cell viability
and the levels of expression of AMPs (Fig. 1A).

In vivo studies. A rat model of an abdominal wall partial
thickness defect26,27 (Fig. 1B) and a rat model of deliberate
contamination in a subcutaneous tissue pocket28 (Fig. 1C)
were used to evaluate the expression of cramp (cathelicidin
LL-37) in the presence of sterilized P4HB (poly 4-
hydroxybutyrate) surgical mesh and contaminated surgical
mesh, respectively.

Isolation and culture of murine bone
marrow-derived macrophages

Bone marrow-derived monocytes were obtained from fe-
male C57bl/6 mice ( Jackson Laboratories, Bar Harbor, ME)
and differentiated into macrophages as previously de-
scribed.29,30 In brief, animals were euthanized by CO2 inhala-
tion and subsequent cervical dislocation in accordance with the
guidelines of the American Veterinary Medical Association
(AVMA) Panel of Euthanasia. After euthanasia and using an
aseptic technique, the skin of the inferior legs was completely
removed, the coxa-femoral joint was disarticulated, and the
legs harvested. The excess of muscle was removed, and after
disarticulation of tarsus and stifle, tibia and femoral bones were
isolated. Under sterile conditions, the ends of each bone were
transected and the bone marrow flushed with medium using a
30G needle.

Harvested monocytes were seeded at a ratio of 2 · 106 cells/
mL and differentiated into macrophages by culture for 7 days
with macrophage colony-stimulating factor-containing media
(Dulbecco’s modified Eagle’s medium high glucose [Gibco,
Grand Island, NY], supplemented with 10% fetal bovine se-
rum [Invitrogen, Carlsbad, CA], 10% L929 cell conditioned
media, 50mM beta-mercaptoethanol [Gibco], 100 U/mL pen-
icillin, 100mg/mL streptomycin, 10 mM nonessential amino
acids [Gibco], and 10 mM hepes buffer). Cells were main-
tained at 37�C and 5% CO2 with media changes every 48 h.
All procedures were approved by and performed according to
the guidelines of the Institutional Animal Care and Use
Committee at the University of Pittsburgh (IACUC protocol
#15086460).

Stimulation of macrophages with butyrate
or its hydroxylated derivatives

Naive macrophages were stimulated with a series of in-
creasing concentrations (as specified for each experiment) of
acid or sodium salt forms of butyrate or its hydroxylated
derivatives (2HB, 3HB, and 4HB) for 24 h at 37�C, 5% CO2.
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Macrophage metabolism and cell viability

Metabolism and viability of stimulated macrophages were
measured using the MTT [3-(4,5-dimethythiazol-2-yl)-2,5-
diphenyltetrazolium bromide] assay (Vibrant� MTT Cell
Proliferation Assay Kit, V-13154; Molecular Probes) fol-
lowing the manufacturer’s instructions. In brief, 1 · 105

bone marrow-derived monocytes were plated and differen-
tiated into macrophages as described earlier. Each of the

SCFA was evaluated at 0.05, 0.1, 0.25, 0.5, 1, 2, 4, 12, 24,
and 48 mM for 24 h at 37�C, 5% CO2.

After stimulation, macrophages were washed with
phosphate-buffered saline (PBS) and incubated with 100 mL
of serum- and antibiotic-free media containing 1.2 mM MTT
solution for 2 h. After the incubation period, 75mL of media
was removed from each well and the formazan produced by
reduction of the MTT was diluted with 50mL of dimethyl
sulfoxide. After an incubation period of 10 min at 37�C, the

FIG. 1. Experimental design overview. (A) In vitro effects of acids and sodium salt forms of butyrate or its hydroxylated
derivatives upon macrophages. Primary macrophages were differentiated from mononuclear cells harvested from the bone
marrow of C57bl/6 mice and exposed to a dose–response of each of the SCFA for 24 h. The cytotoxicity induced by the SCFA
was evaluated with MTT and LIVE/DEAD assays. The ability of the SCFA to induce the expression of the AMP cramp
(cathelicidin LL-37), and b-defensins 2, 3, and 4 was investigated. Finally, their activity as HDAC inhibitors at a concentration
found to induce AMP expression in macrophages was determined. (B) In vivo secretion of cathelicidin LL-37 induced by an
exogenous source of 4HB. Expression of cathelicidin LL-37 around surgical meshes of P4HB (Phasix� Mesh; C.R. BARD,
Warwick, RI) and PP (Bard� Mesh; C.R. BARD) was evaluated in a Sprague Dawley rat partial thickness abdominal wall
defect model. A 1.5 · 1.5 cm test article was implanted after surgical removal of the external and internal oblique muscles.
Defect only was used as a control. The animals were sacrificed and materials harvested at 3, 7, 14, 21, and 35 days postsurgery.
Explanted specimens were used for immunolabeling using an antibody specific for cathelicidin LL-37. (C) A rat dorsal
subcutaneous model was used to study the resistance to bacterial contamination of surgical meshes composed of P4HB and PP.
After implantation, one of three different concentrations of a clinical isolate of Staphylococcus aureus was inoculated on the
mesh material, or PBS was used as negative control. Sham-operated animals without mesh were used as a second control. The
test devices were explanted after 14 days. The number of bacteria colonizing the meshes was quantified. AMPs, antimicrobial
peptides; HDAC, histone deacetylase; MTT, 3-(4,5-dimethythiazol-2-yl)-2,5-diphenyltetrazolium bromide; P4HB, poly 4-
hydroxybutyrate; PBS, phosphate-buffered saline; PP, polypropylene; SCFAs, short chain fatty acids.
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concentration of formazan was determined by optical den-
sity at 540 nm. The metabolic activity of macrophages was
calculated from a standard curve. Results were presented
relative to untreated (media only) macrophages.

Viability of treated macrophages was also evaluated using
a two-color fluorescent cell viability assay (LIVE/DEAD�
Cell Imaging Kit [488/570], R37601; Invitrogen� Mole-
cular Probes�) following manufacturer’s instructions. In
brief, 1 · 106 bone marrow-derived monocytes were differ-
entiated into macrophages. Each of the SCFA was evaluated
at 0.05, 0.1, 0.25, 0.5, 1, 2, 4, 12, 24, and 48 mM for 24 h at
37�C, 5% CO2. After the incubation period, a solution
containing fluorochromes for live cells (green) and dead
cells (red) was added to the cells, and incubated for 15 min
at room temperature. Images of three 20 · fields were im-
mediately taken for each well using a live-cell microscope
using FITC (green) and 594 (red) filters.

Immunolabeling for cathelicidin LL-37

To determine whether the SCFA have an effect on the
expression of the AMP cathelicidin LL-37, murine bone
marrow-derived macrophages (2 · 106 cells) were stimulated
with several noncytotoxic concentrations of acid or sodium
salt forms of butyrate (0.05, 0.1, 0.25, 0.5, 1, or 2 mM) or its
hydroxylated derivatives (2HB, 3HB, and 4HB) (0.05, 0.1,
0.25, 0.5, 1, 2, 4, or 12 mM) for 24 h. Treated macrophages
were fixed in 2% paraformaldehyde for 30 min, followed by
washes with PBS. Fixed cells were then incubated for 1 h
with blocking buffer (4%v/v horse serum, 2%w/v bovine
serum albumin, 0.1%v/v triton X-100, and 0.1%v/v tween-20
in PBS) to inhibit nonspecific binding of antibodies.

After blocking, macrophages were incubated with the
primary rabbit polyclonal antibody cathelicidin LL-37 (Cat.
No. 253814; Abbiotec) at 1:100 dilution at 4�C overnight.
After washing in PBS, the macrophages were incubated with
fluorophore-conjugated secondary antibody, goat anti-rabbit
Alexa Fluor 488 (Cat. No. A11034; Invitrogen) at 1:200
dilution for 1 h at room temperature. After washing again
with PBS, nuclei were counterstained with 4¢,6-diamidino-
2-phenylindole (DAPI) before imaging. Images of three
20 · fields were taken for each well using a live-cell mi-
croscope.

Gene expression of AMPs

Sodium salt forms of butyrate (0.5–2 mM) or its hydrox-
ylated derivatives (Na-2HB, Na-3HB, and Na-4HB) (0.5–
4 mM) were used to quantify transcription of AMP mRNAs.
Total RNA was extracted from 4 · 106 stimulated macro-
phages with 800mL TRIzol reagent (Cat. No. 15596018;
Ambion). The solution was mixed with 200mL chloroform,
vortexed for 15 s and centrifuged at 12,000 g for 10 min. The
aqueous phase was transferred to a new tube and the RNA
precipitated with 3 M sodium acetate (1/10 of the volume)
and isopropanol (1 volume), followed by centrifugation at
18,000 g for 20 min. RNA purification was accomplished by
washing the RNA pellet in 75% ethanol with an additional
centrifugation at 18,000 g for 15 min. The RNA pellet was
air dried and resuspended in nuclease-free water.

One microgram RNA was converted into cDNA using the
High Capacity cDNA Reverse Transcription Kit (Cat. No.
4368814; Invitrogen) following manufacturer’s instructions.

Real-time quantitative polymerase chain reaction (qPCR) was
performed using PowerUp� SYBR� Green Master Mix (Cat.
No. A25778; Applied Biosystems) to determine the levels of
expression of the AMP cathelicidin LL-37 (cramp)31 and b-
defensins 2, 3, and 4.32 The levels of expression were nor-
malized with the housekeeping gene hprt133 (Supplementary
Table S1). Results are expressed as relative fold change log
(2-DDCt) relative to nontreated macrophages.

HDAC inhibitory activity

To determine if the driving mechanism inducing the ex-
pression of AMPs in macrophages stimulated with the so-
dium forms of butyrate or its hydroxylated derivatives (Na-
2HB, Na-3HB, and Na-4HB) involved the direct inhibition
of the enzymatic activity of HDAC, an HDAC inhibitory
assay was conducted. For each of the evaluated monomers, a
single concentration identified to induce the expression of
AMP was selected.

Murine bone marrow-derived macrophages (4 · 106 cells)
were treated with 1 mM sodium butyrate, 4 mM of each of
the sodium hydroxylated derivatives (Na-2HB, Na-3HB,
Na-4HB), or the controls 0.375 mM trichostatin A (TSA;
AAT Bioquest�, Inc), 6.25 or 12.5 mM histone acetyl
transferase inhibitor (Cat No. S7152; Selleckchem) for 24 h,
followed by evaluation of the HDAC activity. The results
were compared with the levels of acetylation of the histone
H3 by western blot using the specific antibody anti-Histone
H3 (acetyl K9) (Cat No. ab61231; Abcam).

In addition, the HDAC activity of naive macrophage
protein extracts was evaluated at a series of concentrations
(0.5–96 mM) of each of the sodium forms of butyrate or the
hydroxylated derivatives (Na-2HB, Na-3HB, and Na-4HB)
to determine whether other concentrations were associated
with inhibitory activity. The dose–response study was con-
ducted following manufacturer’s instructions. In brief, 5mg
of total protein extracts were incubated for 20 min at 37�C
with increasing concentrations of each of the SCFA. A se-
ries of increasing concentrations of sodium butyrate and
3 mM TSA were used as controls.

Total protein isolation. Murine bone marrow-derived
macrophages (4 · 106 cells) were harvested using a cell
scraper. After centrifugation at 3500 g for 5 min at 4 C,
supernatants were removed and the cells were washed twice
with 1000 mL PBS. The cells were then lysed with lysis
buffer (150 mM NaCl, 50 mM Tris pH 8.0, 1%v/v Triton X-
100, 0.5%v/v sodium deoxycholate, 0.1%wt/v sodium do-
decyl sulfate [SDS] and protease and phosphatase inhibitor
cocktail [Cat No. PIA32961; Thermo Fisher Scientific]),
incubating on ice for 1 h, and vortexing for 30 s every
10 min. After incubation, the lysis solution was centrifuged
at 14,000 g for 15 min, and the supernatant containing the
proteins was transferred to a new tube. The concentration of
protein was quantified using the Pierce� BCA Protein As-
say Kit (Cat No. 23225; Thermo Fisher Scientific), follow-
ing manufacturer’s instructions.

HDAC activity. The Amplite� Fluorimetric HDAC ac-
tivity Assay kit *Green Fluorescence* (Cat No.
NC1484042; AAT Bioquest) was used following the man-
ufacturer’s instructions. To determine the HDAC activity,
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50 mL of HDAC Green� Substrate working solution was
added to the protein extracts and incubated for 1 h at 37 C.
Fluorescence intensity was read at Ex/Em = 490/525 nm.
Percentage of HDAC inhibition was calculated relative to
the noninhibited control.

In vivo expression of cathelicidin LL-37 induced
by an exogenous source of 4HB

The expression of cathelicidin LL-37 induced by im-
planted P4HB mesh (Phasix� Mesh; C.R. BARD, War-
wick, RI) or polypropylene (PP) mesh (Bard� Mesh; C.R.
BARD) was evaluated using a rat model of abdominal wall
bilateral partial thickness defect.26,27 A defect without im-
plant was used as a control (Fig. 1B). Animal procedures
were approved by and performed according to the guidelines
of the Institutional Animal Care and Use Committee at the
University of Pittsburgh (IACUC protocol #15127009).
Thirty Sprague Dawley rats were randomly divided into
three separate equal groups of 10.

Each rat was anesthetized and maintained at a surgical
plane of anesthesia with 2% isoflurane in oxygen. The
surgical site was prepared in sterile manner using a betadine
(povidone-iodine) solution followed by placement of sterile
drapes. Bilateral paramedian skin incisions were made to
provide access to the muscular abdominal wall. Partial
thickness defects measuring 1 · 1 cm were created in the
exposed musculature by removing the external and internal
oblique muscles on each side of the midline, leaving the
underlying peritoneum and transversalis fascia intact.

The two defects on each animal were then either repaired
with one of the test articles or left unrepaired (N = 4 bio-
logical replicates for each group at each time point). Each
mesh was sutured to the adjacent abdominal wall muscu-
lature with 4-0 Prolene nonabsorbable suture at each corner
to secure the mesh and allow for partial mechanical loading
of the test article, and to allow for identification of the im-
plant boundaries at the time of euthanasia and explanation.
The skin was closed using absorbable 4-0 Vicryl� suture.
The animals were recovered from anesthesia on a heating
pad and allowed normal activity and diet for the remainder
of the study period.

Test article collection. At 3, 7, 14, 21, and 35 days post-
implantation, two animals in each group were euthanized by
CO2 inhalation and subsequent cervical dislocation in accor-
dance with the guidelines of the AVMA Panel of Euthanasia.
After euthanasia and using sterile technique, the skin was
gently dissected and reflected, and the test specimens and
surrounding tissue were collected and immersed in 10% neu-
tral buffered formalin for subsequent histological evaluation.

Immunolabeling of tissue sections. Cells expressing
cramp (cathelicidin LL-37) within each field of view, at the
mesh–tissue interface, were identified and quantified by
immunofluorescence. Antigen retrieval of tissue sections
was facilitated with citrate buffer (10 mM citrate, pH 6.0) at
95–100�C for 20 min. The blocking solution was applied for
1 h followed by the same staining procedure described in the
in vitro Immunolabeling for Cathelicidin LL-37 section.
Four multispectral epifluorescent images were acquired for
each slide at the mesh–tissue interface (Nuance multispec-

tral imaging system; CRi, Inc.). The total number of cells
expressing cramp (cathelicidin LL-37) was quantified for
each image using CellProfiler Image Analysis Software.

Resistance of implanted surgical meshes to deliberate
bacterial contamination

The ability of implanted P4HB mesh to resist contami-
nation with one of three different concentrations of Sta-
phylococcus aureus was evaluated in a rat model of
subcutaneous tissue pocket28 (Fig. 1C).

Preparation of bacterial inoculum. Single colonies of a
clinical isolate S. aureus (ATCC 25923) were cultured in
tryptic soy broth (Soybean-Casein Digest Medium; BD)
overnight at 37�C with constant shaking. S. aureus con-
centration was calculated based on optical density and
compared with a predetermined growth curve for the bac-
terial strain. 1 · 104 CFU, 1 · 106 CFU, or 1 · 108 CFU S.
aureus were obtained by diluting the cultured bacteria to a
final volume of 100mL in sterile PBS.

Bacterial inoculation upon implanted mesh materi-
als. All procedures were approved by and performed ac-
cording to the guidelines of the Institutional Animal Care
and Use Committee at the University of Pittsburgh (IACUC
protocol #14020360). Seventy-two Sprague Dawley rats
were randomly divided into three equal groups of 24. An-
esthesia was induced with 2.5–4% isoflurane, and surgical
plane anesthesia was maintained with 0.5–4% isoflurane
throughout the procedure. The surgical site was prepared by
clipping the fur over the entire dorsal region, and cleaning
the operative site with three alternating scrubs of povidone-
iodine surgical scrub and 70% isopropyl alcohol solutions.
A final scrub with 70% isopropyl alcohol was applied and
allowed to dry, followed by placement of sterile surgical
drape(s) over the entire field.

A 1 cm incision was made over the dorsal midline and a
2.0 · 3.0 cm subcutaneous pocket was created on one side of
the midline. Each animal received one sterile 2.0 · 3.0 cm test
article (P4HB or PP) implanted into the dorsal subcutaneous
pocket. In brief, the surgical mesh device was folded over
itself to minimize contact with the skin during the implan-
tation. Once positioned in the pocket, the test article was
unfolded. After implantation, the surgical site was inoculated
with one of the S. aureus preparations: 1.0 · 104 CFU,
1.0 · 106 CFU, or 1.0 · 108 CFU in 100mL sterile PBS, des-
ignated as low, medium, and high inoculation levels, re-
spectively. Noncontaminated test articles were injected with
100mL sterile PBS.

After placement of the test article and the designated
inoculum (N = 6 devices per inoculation level), the skin was
closed with a continuous 4-0 Vicryl suture. For the sham-
operated group, the inoculum was injected into the dorsal
subcutaneous pocket without any implanted material, fol-
lowed by skin closure as described earlier. Each animal was
recovered from anesthesia, returned to its cage, and allowed
free access to food and water ad libitum. Rats were given
Buprenex� (0.06 mg/kg subcutaneously) and Baytril� (5 mg
orally) at the time of surgery and for 3 days postsurgery.
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Test article collection. At 14 days postimplantation, six
animals per group per inoculation level were euthanized by
CO2 inhalation and subsequent cervical dislocation in ac-
cordance with the guidelines of the AVMA Panel of Eu-
thanasia. After euthanasia and using sterile technique, the
skin was gently dissected and reflected, the specimens and
surrounding tissue were collected. Using a sterile razor
blade, 100 mg of the collected specimens were used for S.
aureus quantification, as described hereunder.

Quantification of S. aureus. One hundred milligrams of
the explanted specimen (mesh and adjacent tissue) were
taken from the lateral edge near the center of the mesh,
immersed in 5 mL sterile PBS, and homogenized for 30 s at
room temperature to dissociate adherent bacteria. 1:1000
and 1:10,000 dilutions were prepared from the homogenized
PBS solution. Undiluted and diluted solutions were plated
on tryptic soy agar plates. The plates were incubated at 37�C
for 24 h and S. aureus colonies quantified for each specimen.

Statistical analysis

Data are presented as the mean – standard error of the
mean. For both in vitro and in vivo studies, statistical dif-
ferences were determined using a nonparametric ANOVA
test (Kruskal–Wallis test). Differences were compared with
post hoc Dunn’s test relative to nontreated macrophages
in vitro and between the implanted mesh materials in vivo.
The fold change gene expression relative to nontreated
macrophages was analyzed using the BootstRatio Web
Application for the ratio between the treatments and the
control.34 A value p < 0.05 was considered statistically sig-
nificant. Statistical analysis was performed using GraphPad
Prism version 6.07 (GraphPad Software, La Jolla CA).

Results

Sodium hydroxylated derivatives of butyrate are not
associated with a cytotoxic effect upon murine bone
marrow-derived macrophages

The influence on macrophage metabolic activity and via-
bility induced by sodium salt and acid forms of butyrate or its
hydroxylated derivatives was determined. Exposure of murine
bone marrow-derived macrophages to increasing concentra-
tions of sodium butyrate, butyric acid, or the acid hydroxyl-
ated derivatives (acid-2HB and acid-3HB) induced a
reduction in the cell metabolic activity by >50%, as shown by
MTT assay (Fig. 2). Concentrations >2 mM of butyrate and
butyric acid, and concentrations >24 mM of acid-2HB and
acid-3HB were associated with a cytotoxic effect, as shown
by MTT and LIVE/DEAD assays (Fig. 2 and Supplementary
Fig. S2). In contrast, the sodium hydroxylated derivatives of
butyrate (Na-2HB, Na-3HB, and Na-4HB) preserved the vi-
ability of stimulated macrophages at all tested concentrations.

Na-4HB induces an increased expression of the AMP
cramp (cathelicidin LL-37) in stimulated murine bone
marrow-derived macrophages

The effect of hydroxybutyrate isomers upon the endoge-
nous expression of the AMP cramp (cathelicidin LL-37) in
stimulated macrophages was evaluated and compared with
the induction of cathelicidin LL-37 expression produced by

sodium butyrate. All SCFAs induced a differential expres-
sion of cathelicidin LL-37 (Fig. 3A). Concentrations in-
ducing a significantly higher production of cathelicidin LL-
37 when compared with nontreated macrophages were 0.5
and 2 mM of sodium butyrate, 2 and 4 mM of Na-2HB,
2 mM of Na-3HB, and between 0.5 and 12 mM of Na-4HB
(Fig. 3B). The acid counterparts of the evaluated SCFAs
(butyric acid, acid-2HB, and acid-3HB) did not significantly
induce the expression of cathelicidin LL-37 when compared
with the nontreated macrophages (Fig. 3B).

Na-4HB induces a transcriptional activation
of AMPs in exposed macrophages

Results from the immunolabeling of cathelicidin LL-37
were used as a reference to limit the monomers and con-
centrations required to determine the level of expression of
the genes cramp (cathelicidin LL-37), and b-defensins 2, 3,
and 4. Acid forms of butyrate or its hydroxylated derivatives
were excluded from this experiment since they were not
associated with a significant increased expression of cathe-
licidin LL-37 at any of the evaluated concentrations (Fig. 3).

Murine bone marrow-derived macrophages exposed to the
evaluated SCFAs were further evaluated by RT-qPCR to
determine if the expression was associated to a transcriptional
activation of the gene. Transcriptional activation of the genes
codifying for b-defensins 2, 3, and 4 were also evaluated in
treated macrophages. mRNA transcription of the genes was
evaluated in macrophages exposed to sodium hydroxylated
derivatives of butyrate (Na-2HB, Na-3HB, and Na-4HB) and
compared with nontreated macrophages. A statistically sig-
nificant upregulation of the cramp gene was found in mac-
rophages treated with 2 mM Na-3HB (mean fold change:
10.62, p ratio = 0.0045), and in those treated with Na-4HB at
1 mM (mean fold change: 8.14, p ratio = 0.001) or 2 mM
(mean fold change: 3.49, p ratio = 0.013) (Fig. 4A).

None of the evaluated concentrations of sodium butyrate
or its hydroxylated derivatives (Na-2HB, Na-3HB, and Na-
4HB) were found to significantly increase the transcription
of b-defensin 2 and b-defensin 3 genes (Fig. 4B, C).

Transcriptional activation of the b-defensin 4 gene was
significantly induced by Na-4HB at both 2 mM (fold
change: 2.73, p ratio = 0.018) and 4 mM (fold change: 3.00,
p ratio = 0.024) (Fig. 4D).

AMP expression by macrophages stimulated
with sodium butyrate and its hydroxylated derivatives
and HDAC inhibitory activity

To determine if the AMP expression induced by macro-
phages treated with sodium forms of butyrate or its hy-
droxylated derivatives (Na-2HB, Na-3HB, and Na-4HB)
was mediated by inhibition of HDAC activity, primary
murine bone marrow-derived macrophages were tested with
1 mM sodium butyrate or 4 mM of each of the sodium hy-
droxylated derivatives (which were found to increase AMP
expression on treated macrophages). No inhibition of
HDAC activity was observed (Fig. 5A), suggesting that at
least at these concentrations, the increased AMP expression
is not due to a HDAC inhibitory activity. Western blot for
acetyl-Histone 3, at the lysine 9 further confirmed that none
of the treatments at the working concentrations had an effect
upon the level of acetylation (Fig. 5B, C).
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Further, the ability of different concentrations of these
SCFAs to inhibit HDAC enzymes in protein extracts was de-
termined. There was a dose-dependent inhibition of HDAC
activity by sodium butyrate and Na-2HB, but not with Na-3HB
or Na-4HB (Fig. 5D). The half maximal inhibitory concentra-
tion (IC50) was determined for sodium butyrate 3.69 – 1.12 mM
and for Na-2HB 12.51 – 1.6 mM, using nonlinear fitting re-
gression (r2 = 0.99 and 0.96, respectively; GraphPad Prism).
The dose–response results are consistent with the results ob-
tained with the single doses used to treat the macrophages,
which suggest that increases in the AMP expression are not due
to a HDAC inhibitory activity of the used SCFAs.

In vivo cramp (cathelicidin LL-37) expression increases
around implanted surgical meshes after muscle injury

Implanted P4HB or PP surgical meshes were used to
evaluate and compare the expression of cathelicidin LL-37
in a rat model of abdominal wall partial thickness defect.
Immunolabeling results showed an increase in the expres-
sion of cramp (cathelicidin LL-37) after muscle injury alone
(without mesh placement) compared with noninjured mus-
cle, as seen in the images of native muscle versus defect
alone (Fig. 6A, B). Immunolabeling at the interface of the
implanted surgical meshes showed an increased expression

of cramp (cathelicidin LL-37) by the cells localized im-
mediately around the fibers of P4HB and PP.

Quantification of the number of cells expressing cathe-
licidin LL-37 showed that P4HB was associated with the
highest number of such cells around the mesh fiber at all time
points, when compared with PP or the defect alone (Fig. 6B).
Moreover, statistical analysis comparing the results among all
the experimental groups at each time point showed that these
numbers were significantly different when P4HB was com-
pared with the defect alone at days 14 and 35, respectively,
but only at 35 days when PP was compared with the defect
alone. For all the evaluated time points, the number of cells
expressing cathelicidin LL-37 was decreased in the native
muscle group when compared with P4HB and PP, respec-
tively.

P4HB surgical mesh is associated with resistance
to deliberate bacterial contamination

A rat model of deliberate contamination in a subcutane-
ous tissue pocket was used to evaluate the resistance of
P4HB surgical mesh to bacterial contamination. Quantifi-
cation of bacteria within the explanted meshes at 14 days
showed differences in the amount of viable S. aureus be-
tween the P4HB and PP (Fig. 7A). The noncontaminated

FIG. 2. Dose–response curves of butyrate and its hydroxylated derivatives. (A) Both sodium butyrate and butyric acid
decreased the cell viability at concentrations >4 mM. (B–D) All hydroxylated forms of butyrate in their salt forms (Na-2HB,
Na-3HB, and Na-4HB) are noncytotoxic at supraphysiological concentrations (48 mM). Acid forms of 2HB and 3HB
decreased the cell viability at concentrations >24 mM. Value: mean – SEM, N = 3 biological replicates, technical triplicates.
2HB, 2-hydroxybutyrate; 3HB, 3-hydroxybutyrate; 4HB, 4-hydroxybutyrate; Na, sodium; SEM, standard error of the mean.
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FIG. 3. Expression of cathelicidin LL-37 induced by butyrate and its hydroxylated derivatives. (A) Immunofluorescence for
the AMP cathelicidin LL-37. A series of increased concentrations of acid and salt forms of butyrate or its hydroxylated
derivatives were used to stimulate primary murine bone marrow-derived macrophages. Cathelicidin LL-37 positive expression is
shown. Scale bar: 100mm. N = 3 biological replicates, technical triplicates. (B) Quantification of cathelicidin LL-37 expression.
Na-4HB induces the expression of cathelicidin LL-37 in amounts comparable with sodium butyrate. All hydroxylated forms
have the ability to induce endogenous secretion of the AMPs, with higher levels in their sodium forms than in their acid forms.
*p < 0.05 relative to nontreated macrophages. Value: mean – SEM, N = 3 biological replicates, technical triplicates.
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controls had undetectable levels of bacterial contamination.
For animals inoculated with a low level (1 · 104 CFU) of S.
aureus, quantification of the recovered bacterial colonies
showed (5.5 – 3.4) · 105 CFU with PP (7.2 – 7.1) · 104 CFU
with P4HB, and (1.2 – 1.0) · 104 CFU with the no-mesh
control. Statistical analysis showed no differences in the
recovered bacterial concentration among the groups at the
low inoculation level.

At the medium (1 · 106 CFU) inoculation level, quantifi-
cation of viable S. aureus showed (1.6 – 1.2) · 106 CFU with
PP (1.8 – 0.2) · 105 CFU with the no-mesh control, and
(8.5 – 4.3) · 104 CFU with P4HB. Statistical analysis showed
differences between the surgical meshes. PP showed amounts
of S. aureus that were significantly higher than the number of
colonies isolated from P4HB specimens ( p = 0.004).

Data at the highest inoculation level (1 · 108 CFU)
showed (4.3 – 0.4) · 106 CFU with PP (3.5 – 0.6) · 106 CFU
with the no-mesh control, and (1.3 – 0.7) · 106 CFU from
P4HB. Analysis of the CFU counts at this level indicated
that there were statistical differences between the surgical
meshes. The number of S. aureus colonies isolated from PP
were significantly higher than the number of colonies iso-
lated from P4HB ( p = 0.015).

Expression of cathelicidin LL-37 was evaluated in the
contaminated field (Fig. 7B). Statistical analysis comparing
the number of cells expressing cathelicidin Ll-37 between the
evaluated groups at each inoculation level showed an in-
creased expression around P4HB fibers compared with no

mesh control at the no bacteria ( p = 0.0006), low ( p = 0.024),
and medium ( p = 0.017) inoculation levels (Fig. 7C). Statis-
tical differences comparing the implanted meshes (P4HB vs.
PP) were seen at the no bacterial control ( p = 0.001).

Discussion

This study compared the effect of sodium butyrate and its
hydroxylated derivatives (Na-2HB, Na-3HB, and Na-4HB)
upon the expression of AMP and evaluated the HDAC activity
of treated murine bone marrow-derived macrophages. The re-
sults showed that the hydroxylated derivatives of butyrate dif-
ferentially modulate the macrophage expression of the AMP
cramp (cathelicidin LL-37), and to a lesser degree the b-
defensin 4 in vitro. Na-4HB induced the greatest level of en-
dogenous expression of these AMPs; amounts comparable with
those induced by sodium butyrate. Less induction of AMP
expression was induced by Na-3HB, and the least by Na-2HB.

This study also showed preservation of cell viability when
exposed to a wide range of physiological and supraphysio-
logical concentrations of the hydroxylated derivatives of
butyrate,20,35 which contrasted with the cytotoxic effect in-
duced by sodium butyrate.

Modulation of AMP can be epigenetically induced
through the inhibition of HDAC enzymatic activity.36 Dif-
ferent SCFAs have been associated with a weak HDAC
inhibitory activity when compared with potent inhibitors
such as TSA.36 Variables such as concentration, cell type,

FIG. 4. Gene expression of AMPs induced by butyrate and its hydroxylated derivatives. (A) Na-3HB and Na-4HB induce
an upregulation of the cramp gene at 1 and 2 mM compared with nontreated macrophages. (B, C) Expression of b-Defensins
2 and 3 are not significantly upregulated by any of the evaluated SCFA. (D) Na-4HB induce a significant transcriptional
upregulation of b-Defensin 4 at 2 and 4 mM compared with nontreated macrophages. Value: mean – SEM, N = 3 biological
replicates, technical triplicates.

ANTIMICROBIAL PEPTIDE EXPRESSION BY 4-HYDROXYBUTYRATE 701

D
ow

nl
oa

de
d 

by
 H

ar
va

rd
 U

ni
ve

rs
ity

 F
R

A
N

C
IS

 A
 C

O
U

N
T

W
A

Y
 f

ro
m

 w
w

w
.li

eb
er

tp
ub

.c
om

 a
t 0

3/
11

/2
1.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



specific HDAC groups and subgroups, and the ability of the
molecule to enter into the nuclei, among others, are determi-
nants in this activity.37 Sodium butyrate is a known inhibitor
of HDAC classes I and II in a broad spectrum of cell types.
This molecule has been shown to induce apoptosis among
different epigenetic effects.38 Evaluation of sodium butyrate in
this study confirms the HDAC inhibitory activity induced by
this molecule in macrophage-derived protein extracts, and its
cytotoxic effect when used at high concentrations.

This study also showed that the highest concentration
found to increase the expression of AMP (4 mM) in mac-
rophages stimulated with the hydroxylated derivatives of
butyrate (Na-2HB, Na-3HB, and Na-4HB), was not associ-
ated with a HDAC inhibitory activity, suggesting that other
mechanisms (e.g., direct signaling pathway regulation) may

be involved in the gene expression of AMP. Additional
evaluations of HDAC activity in macrophage-derived pro-
tein extracts with these hydroxylated derivatives showed
distinct activity induced by Na-2HB compared with Na-
3HB and Na-4HB, which warrants future studies using a
broader spectrum of concentrations upon live macrophages.

Although the results of this study show that Na-2HB, Na-
3HB, and Na-3HB did not have a HDAC inhibitory activity in
treated macrophages at the evaluated concentration, these
molecules have been clearly shown to inhibit HDAC activity in
other body systems. For example, Shimazu et al., showed that
physiological circulatory concentrations of 3HB (>1 mM) dur-
ing prolonged exercise or starvation have a direct HDAC in-
hibitory activity upon human embryonic kidney 293 (HEK293)
cells in vitro, and whole kidney in vivo, in a dose-dependent

FIG. 5. Differential HDAC inhibition induced by sodium butyrate and its hydroxylated derivatives. (A) Murine bone
marrow-derived macrophages were treated with 1 mM sodium butyrate or 4 mM of one of the hydroxylated derivatives (Na-
2HB, Na-3HB, or Na4HB) for 24 h. Nontreated macrophages, 0.375 mM TSA, 6.25 or 12.5 mM HAT inhibitor were used as
controls. HDAC activity of treated macrophages was determined and presented as a percentage normalized to nontreated
macrophages. At the concentrations evaluated, none of the SCFA induced an HDAC inhibitory activity. (B) Representative
western blot for acetyl (lys9)-histone 3, of three independent experiments. (C) Densitometry of western blot indicating the
relative level of acetylation of histone 3 at the lysine 9 position. (D) HDAC activity in macrophage-derived protein extracts
induced by increasing concentrations (0.5 to 96 mM) of sodium butyrate or each of the hydroxylated derivatives (Na-2HB,
Na-3HB, and Na-4HB). 0.003 mM TSA or nontreated extracts were used as controls. HDAC activity is presented as a
percentage normalized to nontreated protein extracts. A dose-dependent inhibition was found in protein extracts treated with
sodium butyrate (IC50 3.69 – 1.12) mM and for Na-2HB (IC50 12.51 – 1.6), but not with Na-3HB and Na-4HB. HAT, histone
acetyl transferase; TSA, trichostatin A.
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manner. The study reported that the major targets of acetyla-
tion were lysine 9 and 14 of histone 3, and that the inhibited
HDAC belonged to classes I and II, with a generalized effect
of protection against oxidative stress.39

Similarly, Klein et al. have shown a heterogeneous HDAC
inhibitory response induced by 4HB in different regions of
the rat brain. Whereas a significant acetylation was found in
the cerebellum, the hippocampus, and brain stem, other re-
gions such as the temporal and parietal cortex were shown to
be unresponsive to 4HB. Of particular interest, only those
regions that were responsive express class IV HDAC, sug-
gesting that this subgroup is the target of 4HB.40

The lack of HDAC inhibitory activity associated with Na-
4HB and its ability to upregulate the expression of AMP
suggest a requirement for specific cell surface receptor trig-
gering the transcriptional activation of AMP. It is hypothe-
sized herein that the presence of the hydroxyl group at the
carbons -2 and -3 diminishes the molecular interaction with
the receptor, which results in a lower AMP induction. In fact,
the presence of the 4-hydroxyl group has been shown to play
a key role in high affinity interactions between 4HB and
GABAA receptors in the brain.41

Other structural derivatives of butyrate, with chemical
modifications in carbon-4, such as sodium 4-phenylbutyrate,
have been shown to induce an effective transcriptional acti-
vation of AMP in epithelial cells and macrophages,42–44 sug-
gesting that functional modifications at this carbon level may

not interfere with the molecular interactions, and thus have no
detrimental effect upon AMP induction. The bioactivity of the
4-hydroxyl derivative, however, which is an endogenous me-
tabolite of mammalian tissues,40,41,45 has been less studied in
tissues other than the CNS, and its potential to control bacterial
infection through promotion of AMP has not been investigated.
The increased expression of AMP as well as its ability to
preserve cell viability suggest that Na-4HB may be used to
functionalize biomaterials or as a cargo molecule for drug
delivery, among others, without the risk of adverse effects.

This study showed the in vivo ability of a 4HB polymeric
surgical mesh to resist different inoculation levels of bac-
terial contamination, which may be partially explained by
the endogenous local induction of cramp (cathelicidin LL-
37) expression. The results confirm the importance of cramp
(cathelicidin LL-37) in wound healing, as has been previ-
ously reported.11–14 The stronger and more prolonged re-
sponse obtained with the presence of 4HB can potentially
provide for improved clinical outcomes 46

The phenotypic profile of macrophages within the early
period postimplantation (i.e., 7–14 days) has been shown to
be predictive and determinant of downstream clinical out-
come (i.e., site appropriate tissue remodeling vs. fibrotic tis-
sue).47 Using a rat abdominal bilateral partial thickness defect
to evaluate the host tissue response to implanted surgical
meshes, we have previously shown that macrophages show an
increased ratio of proremodeling (M2-like) macrophages to

FIG. 6. In vivo expression of cathelicidin LL-37 around implanted P4HB and PP. (A) Basal expression of cathelicidin LL-
37 in native muscle. (B) Immunolabeling of cathelicidin LL-37 surrounding the mesh fibers or the defect alone control.
Increased expression of the antimicrobial peptide is associated with the tissue repair process, as evidenced in the defect
alone samples. P4HB induces a higher level of expression compared with the defect alone. Fiber location is delineated by a
dotted line and an asterisk. Scale bar 50mm. (C) Quantification of cells expressing cathelicidin LL-37. Value: mean – SEM,
N = 4 biological replicates, technical triplicates, *p < 0.05.
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FIG. 7. Resistance of implanted meshes to deliberate bacterial contamination. (A) Quantification of colonizing S. aureus
in explanted specimens 14 days postimplantation. Significance represents differences in the number of CFU between the
mesh materials at each inoculation level. Fiber location is delineated by a dotted line and an asterisk. Scale bar 50 mm.
Values: mean – SEM, N = 6 biological replicates, technical triplicates, *p < 0.05. (B) Representative images of cathelicidin
LL-37 expressed around the fibers of P4HB and PP at each bacterial inoculation level. (C) Quantification of cells expressing
cathelicidin LL-37. Value: mean – SEM, N = 4 biological replicates, technical triplicates, *p < 0.05.
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proinflammatory (M1-like) macrophages at early time points
postimplantation of a P4HB surgical mesh, compared with the
marked proinflammatory response seen with synthetic surgi-
cal meshes.

The ratio of M2-like: M1-like macrophages interacting
with P4HB was also associated with a decreased number of
foreign body giant cells.46 The findings are consistent with
preclinical48 and clinical49 data showing favorable long-
term outcomes. In addition, this study showed the ability of
4HB to immunomodulate the in vitro response of proin-
flammatory macrophages by increasing the expression of
proremodeling markers such as Arginase1 and Fizz1 when
compared with nonstimulated macrophages.46

Current approaches to control biomaterial-associated bac-
terial infections involve the use of antimicrobial agents that rely
on proliferative stages of colonizing bacteria, rendering these
approaches ineffective in biofilms. Bacterial resistance to most
common antimicrobial agents has evolved, limiting the number
of therapeutic options and increasing the burden of infected
patients. Considering both nonbiomaterial- and biomaterial-
related infections, it is estimated that by 2050 resistant bacterial
infections will affect >10 million people per year worldwide, if
more effective strategies are not identified.50

The recognition that AMPs kill bacteria through mechanisms
that do not depend on the metabolic activity of the pathogens
provides an effective mode of protection against them without
the risk of developing resistance. The exogenous administration
of AMP is being explored13; however, this mode of use raises
questions regarding the stability of the peptides and the meth-
ods for delivery, and provides only temporary protection. This
study investigated an alternative approach that enhances en-
dogenous antimicrobial activity of the immune system through
increased production of AMPs by host cells, thus generating a
stronger and more prolonged response.

There are several limitations to this study. Expression of
the AMP cathelicidin LL-37 was evaluated by transcrip-
tional activation of the cramp gene and protein expression
on stimulated murine bone marrow-derived macrophages.
Additional characterization of the macrophage phenotypic
profile induced by the evaluated SCFAs, quantification of
secreted AMPs into the media, and identification of the
mechanisms driving the expression of these AMPs is war-
ranted in future studies.
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