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Abstract. The guinea pig is a useful model for investigating 
infectious and non-infectious lung diseases due to the sensi-
tivity of its respiratory system and susceptibility to infectious 
agents. Toll-like receptors (TLRs) are important components 
of the innate immune response and are critical for lung 
immune function. In the present study, the differentiation of 
epithelial cells in the guinea pig lung was examined during 
gestation by studying anatomic morphology and the major 
epithelial cell types using cell type-specific markers. The 
developmental expression of all 9 TLRs and the TLR signaling 
adaptors myeloid differentiation factor 88 (MyD88) and tumor 
necrosis factor receptor associated factor 6 (TRAF-6) were 
investigated by reverse transcription-quantitative polymerase 
chain reaction and western blotting analysis. The formation 
of lung lobes in guinea pigs was observed at 45 days of gesta-
tion (dGA), along with the expression of the basal cell marker 
keratin 14 and the alveolar type II cell marker pro-surfactant 
protein. However, the cube cell marker secretoglobin family1A 
member 1 and ciliated cell marker b-tubulin IV were only 
detected in the lungs from 52 dGA onward. The expression 
levels of all TLRs, MyD88 and TRAF-6 were determined 
in lung tissues harvested from embryos, newborn, postnatal 
and adult animals. The expression levels of all TLR signaling 
components displayed similar dynamic expression patterns 
with gestation age and postnatal maturation time, except 
for TLR-4 and TLR-7. mRNA expression levels of TLR 

components were significantly increased in the lungs at 
45 and 52 dGA, compared with later developmental stages. 
These results suggest that TLR expression in the guinea pig 
lung is developmentally regulated, enhancing the under-
standing of lung biology in guinea pig models.

Introduction

The guinea pig (Cavia porcellus) is a rodent species in the 
Caviidae family (1,2). Guinea pigs are a valuable animal model 
for the study of developmental biology and the pathogenesis of 
multiple diseases due to similarities between their biological 
characteristics and those of humans. These similarities appear 
in hormonal and immunologic responses, pulmonary physi-
ology, exogenous vitamin C requirements and delayed-type 
hypersensitivity to infections such as tuberculosis (3). 
Similarities in the sensitivity of the respiratory system and 
susceptibility to infectious agents results in the broad use of 
this species as a model of respiratory diseases (4). With respect 
to the pathogenesis and the immune response to these diseases, 
guinea pigs are more representative of a human than models 
using other rodent species.

The lung is an organ directly exposed to the environment, 
resulting in continuous contact with a diverse array of envi-
ronmental insults. To respond to the internal and/or external 
environment, resident myeloid cells and stromal cells of the 
lung express a full complement of Toll-like receptors (TLRs), 
which are a class of signaling pattern-recognition receptors 
(PRRs) that contribute to innate and adaptive immunity by 
recognizing pathogen-associated molecular patterns (PAMPs) 
and endogenous danger-associated molecular patterns 
(DAMPs) (5,6). In addition, TLRs are implicated in the 
pathogenesis of non-infectious pulmonary diseases, including 
pulmonary fibrosis, chronic obstructive pulmonary disease 
(COPD) and acute lung injury (ALI) (7). TLRs were originally 
identified in Drosophila melanogaster, and revealed to be 
transmembrane receptor proteins that are highly conserved 
between D. melanogaster and humans (8,9). Although a large 
body of studies have demonstrated the association of TLRs 
with various pulmonary disorders in adult animal models and 
adult patients (7), several studies on fetal animals, including 
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fetal murine and preterm lamb lung tissue specimens, have 
suggested that steady-state TLR mRNA expression levels 
increase with gestational development (10,11). Distinct 
characteristics and expression patterns of TLRs have also 
been reported between mammalian species, tissues and 
developmental stages (12-17). Therefore, in order to improve 
understanding of the mechanisms involved in cell specificity 
and regulation of TLR signaling transduction pathways, there 
is a need to investigate the nature of TLRs and ligands in 
different species.

Given the importance of TLRs in the development and 
homeostasis of tissues, the present study examined the differ-
entiation of guinea pig lung epithelial cells during embryonic 
development and maturation following birth, and profiled the 
expression of TLRs (TLR-1, TLR-1, TLR-3, TLR-4, TLR-6, 
TLR-7, TLR-8, TLR-9 and TLR-10), as well as adaptors of the 
TLR pathway: Myeloid differentiation factor 88 (MyD88) and 
tumor necrosis factor receptor associated factor 6 (TRAF-6).

Materials and methods

Animals and tissue processing. All experimental procedures 
were carried out according to ethical guidelines established 
by Ningxia University and were approved by the Ethnic 
Committee for Scientific Research of General Hospital of 
Ningxia Medical University (NXMU-H-2014-250; Yinchuan, 
China). A total of 51 three months old outbred Hartley-Duncan 
guinea pigs of both sexes (45 females and 6 males; 300±50 g) 
were obtained from the Animal Facility of Ningxia Medical 
University (Yinchuan, China). Total of 51 animals (45 females 
and 6 males) were used. Individuals were housed in the animal 
facility under clean, non‑specific pathogen free conditions with 
a constant temperature of 24‑26˚C and humidity of 30‑50% 
(12/12 h light/dark cycle), provided a proper balance of pellets, 
hay and fresh vegetables and free access to water, according 
to the Housing and Husbandry Guidelines for Laboratory 
Animals of Ningxia Medical University. The appearance of 
a vaginal plug in the morning following breeding was desig-
nated the first day of gestation (dGA). Animals were terminally 
euthanized by intraperitoneal injection of sodium pentobar-
bital (150 mg/kg) in the facility. Embryos were harvested 
from pregnant animals for lung isolation at 45, 52 and 59 dGA 
(embryos implanted in uterus with normal development were 
confirmed as alive, and those only showing implantation sites 
but without an embryo or a normally developed embryo were 
defined as dead), and lungs were harvested directly from pups 
0, 7, 14 and 28 days following parturition (dPN). Lungs were 
also harvested from mature animals (6 weeks old). The trachea 
and lungs were removed and fixed in 10% neutral buffered 
formalin, then processed for embedding in a Sakura Tissue 
Tek Paraffin Tissue Processor (Model VIP E150; Sakura 
Finetek USA, Inc., Torrance, CA, USA).

Immunohistochemistry (IHC). Immunohistochemical staining 
was performed on 6 µm thick paraffin sections. Paraffin sections 
were dewaxed in xylene and incubated in methanol containing 
0.3% H2O2 for 30 min to inactivate endogenous peroxidase. 
Sections were subsequently rehydrated with graded ethanol 
according to histological standards. The sections were boiled in 
in citrate buffer (pH 6.0) at 95˚C for 20 min for antigen retrieval 

followed by slow cooling for 2 h at room temperature. Sections 
were then blocked using a blocking buffer (5% horse serum in 
PBS; Vector Laboratories, Inc., Burlingame, CA, USA) at room 
temperature for 2 h prior to incubation with a primary anti-
body (diluted in blocking buffer; Table I) in a humid chamber 
at 4˚C overnight. The primary antibodies used in the present 
study are listed in Table I. Following washing three times for 
5 min in PBS, a mixture of biotinylated horse anti-rabbit IgG or 
anti-mouse IgG (cat. no. PK-6100; 1:200; Vector Laboratories, 
Inc.) secondary antibodies (Table I for detail) was applied at 
room temperature for 2 h. The antigen was detected with an 
elite ABC kit (Vector Laboratories, Inc.) and developed with 
a DAB peroxidase substrate kit (Vector Laboratories, Inc.). 
The stained sections were counterstained with hematoxylin for 
10 sec (Gill's formula; Vector Laboratories, Inc.). Sections were 
subsequently rinsed in running tap water for 5 min, dehydrated 
with gradually increased concentration of ethanol (30‑100% 
v/v), cleared sections by submerging slides in xylene for 1 min 
during mounting sections with Permount (Thermo Fisher 
Scientific, Inc., Waltham, MA, USA). Hematoxylin and eosin 
(H&E) staining was performed using H&E staining kit from 
Thermo Fisher Scientific, Inc.. Periodic Acid Schiff's staining 
was conducted using Schiff's reagents from Sigma-Aldrich; 
Merck Millipore. Staining was visualized under a light micro-
scope (TCS SP8; Leica, Wetzlar, Germany) at magnifications 
of x200, x400 and x630, and images were captured using a 
Leica DFC300 F camera (Leica Microsystems, Inc., Buffalo 
Grove, IL, USA). For all antibodies tested, mouse positive and 
negative tissues were utilized as positive and negative controls, 
respectively.

RNA extraction and reverse transcription‑quantitative poly‑
merase chain reaction (RT‑qPCR). Total RNA was extracted 
from each tissue sample using TRIzol reagent (Thermo Fisher 
Scientific, Inc., Waltham, MA, USA) according to the manu-
facturer's instructions. RNA quality was assayed by calculation 
of the RNA integrity number (RIN) (18). High quality RNA 
(RIN value >7.5) was used to synthesize first strand cDNA 
using M-MLV reverse transcriptase (Takara Bio, Inc., Otsu, 
Japan). qPCR was performed in the Roche LightCycler 2.0 
(Roche Diagnostics, Basel, Switzerland) using a SYBR-Green 
I kit (Takara Bio, Inc.). The thermal cycling conditions were 
as follows: 95˚C for 30 sec, 40 cycles of 95˚C for 5 sec, 60˚C 
for 20 sec and 72˚C for 20 sec, followed by 40˚C for 20 min. 
The primer sets used for β-actin control, TLRs, MyD88 and 
TRAF-6 are listed in Table II. To assess primer efficiency, stan-
dard curves for each primer pair were generated using serially 
diluted transcribed cDNA samples. PCR efficiency was calcu-
lated from the slope of the standard curves. β-actin internal 
controls were always included to normalize each reaction 
with respect to RNA integrity, sample loading and inter-PCR 
variations. The relative expression ratio was calculated from 
the real‑time PCR efficiencies and the crossing point devia-
tion of experimental samples vs. controls (19). The resulting 
threshold cycle (Cq) values were normalized to the endogenous 
control, β-actin (ΔCq=Cq value of target gene-Cq value of 
β‑actin). Dissociation analysis of amplification products was 
performed at the end of each PCR to confirm the specificity of 
the amplicon. The fold change in TLR gene expression during 
lung development was calculated by the 2-ΔΔCq method (20).
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Western blot analysis. Tissue extracts were prepared by homog-
enizing the cells in a lysis buffer (50 mM Tris-HCl, 5 mM EDTA, 
150 mM NaCl, 0.5% NP‑40; pH 7.5) for 60 min on ice. Lysates 
were subsequently centrifuged at 10,000 x g for 10 min at 4˚C, 

and the supernatants were collected as whole-cell extracts. 
The soluble protein concentration was measured with the 
Bio-Rad Protein Assay (Bio-Rad Laboratories, Inc., Hercules, 
CA, USA) using bovine serum albumin (BSA; Thermo Fisher 

Table I. Primary antibodies used for immunohistochemical staining and western blotting.

Antibody Host Dilution Supplier Catalog number IHC or IB

Keratin 14 Rabbit 1:500 Thermo Sci RB-9020 Both
Tubulin IV Mouse 1:2,000 BioGenex MU178-UC Both
pro-SPC Rabbit 1:5,000 Millipore AB3786 Both
CCSP Rabbit 1:5,000 USBiological C5828-03 Both
TLR-3 Rabbit 1:1,000 Millipore NG1593494 IB
TLR-6 Rabbit 1:1,000 Abcam AB37072 IB
TLR-9 Rabbit 1:1,000 Millipore AB10011 IB
MyD88 Rabbit 1:1,000 Abcam AB2068 IB
TRAF-6 Rabbit 1:1,000 Millipore 04-451 IB
GAPDH Goat 1:1,000 Santa Cruz Sc-20357 IB

Thermo Sci, Thermo Fisher Scientific, Inc., Waltham, MA, USA; BioGenex, BioGenex, Fremont, CA, USA; Millipore, Merck Millipore, 
Darmstadt, Germany; Abcam, Abcam, Cambridge, UK; Santa Cruz, Santa Cruz Biotechnology, Inc., Dallas, TX, USA.

Table II. Sequences and parameters of reverse transcription-quantitative polymerase chain reaction.

Genes Sequence (5'-3') Anneal temperature Product size Ensembl ID

TLR1 F: GTCCCAAGTTAGCCCATTTTTA 60.0˚C 240 bp ENSCPOT00000005143
 R: CTTTCAGCCCAAGAGCAAGTAT   
TLR2 F: AGGAAAAGTTGGAGCGGTTT 60.0˚C 225 bp ENSCPOG00000025374
 R: GGCAAAGGCAAAGAAAGTGA   
TLR3 F: GCAACAACAACATAGCCAACA 60.0˚C 133 bp ENSCPOT00000004982
 R: AGAAAATGAACAGGACCACCA   
TLR4 F: GTTATCGTTGTGGTGTCTCAGC 60.0˚C 198 bp ENSCPOT00000015306
 R: TTCCCATTCCAGGTAAGTGTTC   
TLR6 F: TTTGTCAGGGCTCAACATTCT 60.0˚C 147 bp ENSCPOT00000005143
 R: AAACTCACCACAGGGTAGCAG   
TLR7 F: ACTCCTTGGGGATAGATGGTTT 60.0˚C 154 bp ENSCPOT00000015254
 R: AATAGTGAGGGTGAGGTTGGTG   
TLR8 F: AGATGTGATTTGTGCCAGTCC 60.0˚C 233 bp ENSCPOT00000004812
 R: GGGATGTGGAAAGAGACCTGT   
TLR9 F: GGGAAGCAGTGACCAGAAC 60.0˚C 121 bp X M 0 0 3 4 7 6 7 2 0
 R: TCCAAGGTGAATGGGATGTT   
TLR10 F: GAGGAGATGGGCTTCGACTAC 60.0˚C 169 bp ENSCPOT00000015432
 R: CTCAGTTCCAACAGCACGTC   
MyD88 F: GAGGAGATGGGCTTCGACTAC 60.0˚C 164 bp ENSCPOT00000027931
 R: CTCAGTTCCAACAGCACGTC   
TRAF6 F: ATCACTTGGCACGACACCTAC 60.0˚C 138 bp ENSCPOT00000004556
 R: GGGACAGAGAGGCAGAATCAT   
β‑actin F: GGACTTTGAGCAGGAGATGACT 60.0˚C 127 bp ENSCPOT00000011124
 R: CTGGAAAATGGCTTCAGGAC   

F, forward; R, reverse; TLR, toll-like receptor; MyD88, myeloid differentiation factor 88; TRAF-6, tumor necrosis factor receptor associated factor 6.
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Scientific, Inc.) as a standard. The cell extracts (50 µg) were 
separated by 10% sodium dodecyl sulfate‑polyacrylamide gel 
(SDS‑PAGE) and transferred to a polyvinylidene difluoride 
membrane (Merck Millipore). The membrane was blocked 
with 4% fat free dry milk in PBS containing 0.2% Tween‑20 
at room temperature for 2 h and incubated with primary 
antibodies (Table I) at 4˚C overnight, followed by appropriate 
peroxidase-labeled secondary antibodies (cat. no. 108894; 
1:2,000; Jackson ImmunoResearch Laboratories, Inc., West 
Grove, PA, USA) at room temperature for 1 h. The blots were 
then developed using an enhanced chemiluminescence reagent 
(GE Healthcare, Chalfont, UK).

Statistical analysis. All data collected in the present study 
were obtained from at least three independent experiments 
for each condition. SPSS 18.0 analysis software (SPSS, Inc., 
Chicago, IL, USA) was used for statistical analysis. Statistical 
evaluation of the data was performed by one-way ANOVA 
and Student's t-tests to compare differences between groups. 
Tukey's honestly significant difference test was employed 
for post hoc testing for multiple comparisons. P<0.05 was 
considered to indicate a statistically significant difference and 
P<0.01 was considered to indicate a highly statistically signifi-
cant difference. Data were expressed as the mean ± standard 
deviation.

Results

Development of the guinea pig lung during embryogenesis. 
The guinea pig gestation period spans 59-73 days, with an 
average of 66±2 days recorded in the present study. Lobe 
formation in the lung was displayed at 45 dGA, with all 7 lobes 

(4 lobes in the right, 3 lobes in the left) formed at 59 dGA, 
as determined by whole mount anatomic lung morphological 
examination (Fig. 1). The lung continued to grow and mature, 
increasing in weight and size, with body growth (Fig. 1 and 
Table III). Histological analysis by H&E staining revealed that 
primary alveolar sacs had formed by 45 dGA, and bronchiolar 
structure was first observed in the distal lung of 52 dGA 
embryos (Fig. 2). Well-structured alveolar epithelia and bron-
chiolar epithelia were observed at 52 dGA and onward (Fig. 2). 
Epithelial cells in the trachea of 45 dGA embryos were poorly 
differentiated, despite the formation of a primary epithelial 
structure at this stage (Fig. 3). Abundant epithelial cells were 
observed on the surface of 52 dGA tracheas, but pseudostrati-
fied epithelial layers with ciliated cells were only observed in 
59 dGA tracheas and onward (Fig. 3).

Expression of epithelial cell type‑specific markers in the 
developing guinea pig lung. The expression of epithelial 
cell markers (21) in developing guinea pig lungs was exam-
ined using IHC analysis. At 45 dGA, keratin 14 (K14) was 
expressed in the basal layer of the tracheal epithelia (Fig. 4Aa) 
and pro-surfactant protein C (SPC) of alveolar type II cells 
was expressed in the lung (Fig. 4Ba), but there was no expres-
sion of β-tubulin IV (T4) of ciliary axonemes in the tracheal 
ciliated cells (Fig. 4C) or secretoglobin family1A member 1 
(CCSP) of cube cells in the distal airway (Fig. 4D) at this 
gestation age (21). However, these 4 cell-specific markers 
were expressed in the lung of 52 dGA embryos and onward, 
particularly the CCSP was mainly expressed in epithelial 
cells of small airways in distal lung (Fig. 4), indicating that 
differentiation of varied epithelial cell types occurs during 
lung development in the guinea pig.

Figure 1. Representative anatomic images guinea pig lungs. (A-F) Gestation and postnatal age of the lungs are indicated in the respective images. Bar=1.0 cm. 
dGA, days of gestation; dPN, days following parturition.
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Developmental expression of TLRs in the lung of guinea pig. 
In order to evaluate changes of mRNA and protein expression 
levels of TLR signaling components during organogenesis and 
maturation of the lung in guinea pigs, the relative abundance 

of TLRs (-1, -2, -3, -4, -6, -7, -8, -9 and -10), MyD88 and 
TRAF-6 were investigated by RT-qPCR and western blotting, 
respectively, in distal lung tissues at 45, 52 and 59 dGA, 0, 
7, 14 and 28 dPN, and in adult animals. RT-qPCR analysis 

Table III. Gross parameters of the guinea pig lung at different developmental stages.

Ages Body length (cm) Body weight (g) Lung length (cm) Lung weight (g) Trachea length (cm)

45 dGA 4.27±0.05 4.88±0.10 1.33±0.03 0.13±0.01 0.7±0.00
52 dGA 7.70±0.09 37.63±3.68 3.08±0.13 0.78±0.09 1.58±0.13
59 dGA 10.55±0.12 79.97±2.83 3.83±0.13 1.90±0.06 1.85±0.07
0 dPN 11.38±0.26 96.32±5.01 3.70±0.12 1.47±0.06 1.82±0.05
7 dPN 13.03±0.25 110.22±3.47 3.75±0.18 1.28±0.05 2.08±0.11
14 dPN 15.23±0.87 177.58±21.15 4.28±0.19 1.72±0.21 2.23±0.17
28 dPN 17.73±0.65 239.47±19.07 4.77±0.08 2.16±0.22 2.57±0.03

dGA, days of gestation; dPN, days following parturition.

Figure 2. Hematoxylin and eosin staining of distal guinea pig lungs at different developmental stages. Gestation and postnatal ages are indicated in the respec-
tive images. Bar=50 µm. dGA, days of gestation; dPN, days following parturition.

Figure 3. Hematoxylin and eosin staining of guinea pig trachea at different developmental stages. Gestation and postnatal age are indicated in the respective 
images. Bar=50 µm. dGA, days of gestation; dPN, days following parturition.
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demonstrated that the mRNA expression levels of all tested 
TLR signaling components was dynamic, with a similar 
expression pattern, in which transcripts were more abundant 
in the 45 dGA and 52 dGA lungs compared with later stages 
(Fig. 5A-D). Notably, TLR-2, -3, -6, -7, -8, -9 and -10 mRNA 
expression levels were higher in 45 dGA lungs compared with 

52 dGA lungs (Fig. 5A and C), while TLR-1, -4, MyD88 and 
TRAF-6 mRNA expression levels were higher in 52 dGA 
lungs compared with 45 dGA lungs (Fig. 5A, B and D). In 
addition, increased TLR-7 mRNA expression levels were 
observed in 7 dPN lungs as compared with TLR-8, 9 and 10 at 
this stage (P=0.000; Fig. 5C). The results of western blotting 

Figure 4. Immunohistochemical staining of major epithelial cell markers at different developmental stages in the guinea pig lung. Epithelial markers and 
developmental stages are indicated on the images. (A) K14 staining of tracheal epithelium; (B) SPC staining of lung tissue; (C) T4 staining of tracheal epithe-
lium and (D) CCSP staining of lung tissue at developmental stages of (a) 45 dGA, (b) 52 dGA, (c) 59 dGA, (d) 0 dPN, (e) 7 dPN, (f) 14 dPN, (g) 28 dPN and 
(h) adult. Bar=50 µm. dGA, days of gestation; dPN, days following parturition; K14, keratin 14; T4, β-tubulin IV; CCSP, secretoglobin family1A member 1; 
SPC, pro-surfactant protein C.
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demonstrated similar expression patterns to the RT-qPCR 
analysis for TLR-3, -6, -9, MyD88 and TRAF-6 proteins, with 
differential expression in guinea pig lungs during different 
developmental stages (Fig. 6). These data imply that TLR 
expression in guinea pig lungs is developmentally regulated.

Discussion

In the present study, the morphogenesis and maturation of the 
guinea pig lung and the expression of TLR ligands and TLR 
signaling adaptors MyD88 and TRAF-6 were investigated from 
45 dGA to maturation. Lung development was observed at as 
early as 45 dGA, along with expression of the basal cell marker 
K14 and alveolar type II cell marker SPC, but the cube cell 
marker CCSP and ciliated cell marker T4 were only observed 
in the lungs from 52 dGA onwards. Notably, the expression 
of all 9 examined TLRs and the TLR signaling adaptors 
MyD88 and TRAF-6 were detected at the transcriptional level 
in all lung tissues harvested from 45, 52 and 59 dGA, 0, 7, 
14 and 28 dPN, and in adult animals. Transcript levels of all 
TLR signaling components formed similar dynamic expres-
sion patterns with gestation age and maturation time following 
parturition, with TLRs significantly more abundant in the 
lungs of 45 and 52 dGA embryos compared with later stages. 
These data imply that TLR expression in guinea pig lungs may 
be developmentally regulated.

TLRs are a family of mammalian proteins first observed 
in D. melanogaster (5). To date, 11 TLRs have been identified 
in humans (5). Different TLR ligands have been demonstrated 
to be involved in in the regulation of both innate and adap-
tive immune responses, in part through binding to different 
specific ligands. TLR‑2 forms heterodimers with TLR‑1 and 

Figure 5. Differential expression of TLR mRNA in the guinea pig lung. The relative expression levels of TLR mRNAs in lung tissues at the indicated gestation 
and postnatal ages were determined by reverse transcription-quantitative polymerase chain reaction assays. (A) Fold-changes of TLR-1, -2, -3 and -6 mRNA 
expression levels. (B) Fold-changes of TLR-4 mRNA expression levels. (C) Fold-changes of TLR-7, -8, -9 and -10 mRNA expression levels. (D) fold-changes 
of MyD88 and TRAF-6 mRNA expression levels. Data are expressed as the mean ± standard deviation of fold-changes over the internal control (β-actin) from 
6 animals for each time point. **P<0.01: TLR-1 vs. TLR-2, -3 and -6 at 56 dGA in A; 52 dGA vs. other developmental stages for TLR-4 in B; TLR-7 vs. TLR-8, 
-9 and -10 at 45 dGA and 7dPN in C; 52 dGA vs. other developmental stages for MyD88 and TRAF-6 in D. dGA, days of gestation; dPN, days following 
parturition, MyD88, myeloid differentiation factor 88; TRAF-6, tumor necrosis factor receptor associated factor 6.

Figure 6. Expression of TLR proteins determined by western blotting. 
TLR-3, TLR-6, TLR-9, MyD88 and TRAF6 protein levels were determined 
in guinea pig lung tissues at the indicated developmental stages. TLR, 
toll-like receptor; MyD88, myeloid differentiation factor 88; TRAF-6, tumor 
necrosis factor receptor associated factor 6; dGA, days of gestation; dPN, 
days following parturition.
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TLR-6 upon binding to different lipopeptide and lipoprotein 
structures (22); TLR-2 and TLR-4 recognize lipids including 
lipopolysaccharide (LPS); TLR-3 and TLR-7-9 are activated 
by nucleic acids derived from viruses or bacteria, and TLR-5 
primarily recognizes the protein flagellin from flagellated 
bacteria (23). In particular, TLR-9 recognizes various types 
of unmethylated cytosine-guanine repeat dideoxynucleo-
tides (24). TLR‑10, an orphan receptor with an unidentified 
ligand, is the most recent human TLR to be identified, and 
has been demonstrated to form heterodimers with TLR-1 and 
TLR-2 (22,25). TLR-10 mRNA expression was detected in 
guinea pig lungs in the present study.

In addition to immunoregulation, TLRs are involved in 
development and homeostasis, sensing endogenously derived 
materials during the processes of organogenesis and tissue 
generation. For example, hyaluronan (HA) is a breakdown 
product of extracellular matrix components, and the recogni-
tion of different forms of HA is essential for the maintenance of 
homeostasis and epithelial integrity during tissue regeneration 
following an injury and the restoration of normal tissue archi-
tecture (26-28). Several lines of evidence have demonstrated 
the developmental involvement of TLRs in mammalian and 
non-mammalian species during embryogenesis. For example, 
Kannaki et al (29) demonstrated differential expression 
patterns of TLR mRNAs during chicken embryological devel-
opment, suggesting the potential involvement of TLRs in the 
regulation of chicken embryo development. This is supported 
by the initial discovery of Toll in D. melanogaster, the first 
member of the TLR family, as it was initially characterized 
as a developmental protein prior to the establishment of its 
immunological involvement (8,15). This is further supported 
by the discovery of the developmental involvement of TLR-7 
and TLR-9 in the vertebrate brain (16).

The immunological and developmental involvements of 
TLRs in embryonic organogenesis have also been reported 
in mammalian lungs and other epithelial tissues (17,30). 
For example, in a study evaluating the developmental 
expression of TLR-2 and TLR-4 in preterm baboon lungs, 
Awasthi et al (30) demonstrated that the expression of these 
TLRs was significantly lower at 125 and 140 dGA compared 
with adult baboons, only reaching comparable levels at 175 
dGA. This indicates that that TLR expression in baboon lungs 
is developmentally regulated. This developmental expression 
pattern was consistent with previous findings in fetal murine 
lung tissues (10) and in preterm lamb lung tissues (11), with 
TLR expression increasing with the length of gestation. 
This expression pattern may be different to that observed 
in the mature lung of adult animals and humans, where the 
expression of TLRs is dependent on immune cells including 
macrophages, dendritic cells and lung epithelial cells (7,31). 
In addition, developmentally regulated expression of TLRs 
was observed in fetal and neonatal human and mouse colonic 
epithelium (17). The results of the present study were consis-
tent with these previous findings, with the expression of TLRs 
also being developmentally regulated in the guinea pig lung. 
Altered TLR signaling may lead to compromised structural 
development in the lung, as previously demonstrated in 
mice (32). An injection of LPS into the amniotic fluid of 15 
dGA mice led to increases in the luminal volume density and 
decreases in distal branching of the lungs at 17 and 18 dGA, 

induced by activation of functional TLR-4 (32). Notably, in 
the present study, TLR mRNA expression levels were highest 
in guinea pig lungs at 45 and 52 dGA, and dramatically 
decreased as lung organogenesis and maturation progressed. 
Adult levels were reached by 59 dGA. The implications of 
such a dramatic change in TLR expression in the guinea pig 
lung warrants further investigation.

To conclude, morphogenesis and developmental expression 
of TLR signaling components in the guinea pig lung were 
examined in the present study. The dynamic expression of 
TLRs during lung development and maturation in the guinea 
pig was demonstrated, further confirming the developmental 
involvement of TLRs in lung morphogenesis in this animal 
model. These data lay a foundation upon which further under-
standing of the immunoregulatory mechanisms in the guinea 
pig lung may be built.
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