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ABSTRACT Ammonia (NH3), a toxic gas, has dele-
terious effects on chicken health in intensive poultry
houses. MicroRNA can mediate inflammation. The
complex molecular mechanisms underlying NH3
inhalation–caused inflammation in animal kidneys are
still unknown. To explore the mechanisms, a broiler
model of NH3 exposure was established. Kidney samples
were collected on day 14, 28, and 42, and meat yield was
evaluated on day 42. We performed histopathological
examination, detectedmiR-6615-5p andmothers against
decapentaplegic homolog 7 (Smad7), and determined
inflammatory factors and cytokines in kidneys. The re-
sults showed that excess NH3 reduced breast weight and
thigh weight, which indicated that excess NH3 impaired
meat yield of broilers. Besides, kidney tissues displayed
histopathological changes after NH3 exposure. Mean-
while, the increases of inducible nitric oxide synthase
(iNOS) activity and nitric oxide content were obtained.
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The mRNA and protein expression of inflammatory
factors, including nuclear factor-kB (NF-kB),
cyclooxygenase-2, prostaglandin E synthases, and iNOS
increased, indicating that NF-kB pathway was acti-
vated. T-helper (Th) 1 and regulatory T (Treg) cyto-
kines were downregulated, whereas Th2 and Th17
cytokines were upregulated, suggesting the occurrence of
Th1/Th2 and Treg/Th17 imbalances. In addition, we
found that Smad7 was a target gene of miR-6615-5p in
chickens. After NH3 exposure, miR-6615-5p expression
was elevated, and Smad7 mRNA and protein expression
were reduced. In summary, our results suggest that NH3
exposure negatively affected meat yield; and miR-6615/
Smad7 axis and immune imbalance participated in NH3-
induced inflammatory injury via the NF-kB pathway in
broiler kidneys. This study is helpful to understand the
mechanism of NH3-induced kidney injury and is mean-
ingful to poultry health and breed aquatics.
Key words: ammonia, broiler kidney, miR-6615/Sm
ad7 axis, immune imbalance, inflammatory injury

2020 Poultry Science 99:5378–5388
https://doi.org/10.1016/j.psj.2020.08.005
INTRODUCTION

Ammonia (NH3) is the most harmful gas in intensive
poultry houses and receives the increasing attention.
Birds consumed high-protein feed and produced uric
acid that ultimately converted to NH3 under favorable
conditions (Naseem and King, 2018). Microbial decom-
position of litter and manure was also the important
source of NH3 emission (Atapattu et al., 2008). United
Egg Producers recommended that the NH3 concentra-
tion should ideally be less than 10 ppm (equivalent to
8 mg/m3) and not more than 25 ppm (equivalent to
19 mg/m3) (UEP, 2017). However, in some intensive
chicken farms, NH3 concentrations exceeded the recom-
mendation. In spring, NH3 concentration reached
26 ppm (equivalent to 20 mg/m3) during a 6-week
fattening period in an intensive broiler-breeding facility
in northwest Croatia (Vucemilo et al., 2007). In winter,
NH3 concentration even exceeded 63 ppm (equivalent to
48 mg/m3) in a broiler house in Brazil (Osorio
Hernandez et al., 2016). Exposure to excess NH3
decreased growth performance and meat yield (Miles
et al., 2004) and increased mortality (Do et al., 2005)
in broilers. Kidney is an important excretory organ in
the body, which can reabsorb nutrients and excrete
metabolic waste including uric acid and nitrogen (Rani
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et al., 2018). Previous studies reported that kidney was a
target organ of NH3 toxicity (Han et al., 2020). After
NH3 exposure, microscopic lesions and inflammation
were observed in broiler kidneys (Witkowska et al.,
2006). High concentration of NH3 caused a lower kidney
weight and renal coagulative necrosis in broilers (Zarnab
et al., 2019). However, little is known about the molecu-
lar mechanism of NH3-induced kidney tissue damage.
Inflammatory response can cause tissue damages via

breaking tissue homeostasis (Attia et al., 2018). Micro-
RNA (miRNA), a class of noncoding RNA, can regulate
posttranscriptional gene expression by binding to target
sequences and participate in multiple physiological and
pathological processes including apoptosis (Chi et al.,
2019), autophagy (Zhang et al., 2019), and necroptosis
(Wang et al., 2020). miRNA has been implicated in
various inflammatory diseases through regulating
target genes. For instance, miR-140-5p suppressed
mothers against decapentaplegic homolog 3 (Smad3)
in a model of temporomandibular joint osteoarthritis
(Li et al., 2019). miR-21 targeted Smad7 and induced
renal fibrosis and inflammation in diabetic nephropathy
(McClelland et al., 2015). Previous studies also reported
that noncoding RNA took part in NH3-caused inflam-
matory injury in spleens (An et al., 2019) and thymuses
(Chen et al., 2020a) of broilers. In another study on
NH3 toxicity, miR-6615-5p and Smad7 were differen-
tially expressed genes using high-throughput
sequencing in chicken thymuses (D. Chen, Northeast
Agricultural University, Harbin, China, personal
communication). Smad7 can blockade nuclear factor-
kB (NF-kB) activation through inhibitor of NF-kB
(IkBa) and mitigate renal inflammation in a rat
remnant kidney model (Ng et al., 2005). NF-kB can
drive the transcription of proinflammatory genes, such
as cyclooxygenase-2 (COX-2) and inducible nitric oxide
synthase (iNOS) (Shi et al., 2018). COX-2 and iNOS
are dominant sources of nitric oxide (NO) and prosta-
glandin E synthases (PGEs), respectively. A recent
study reported that particulate matter (PM) 2.5 caused
inflammatory response and lung injury by triggering
NF-kB pathway in rats (Shi et al., 2019). Thus, we
assumed that miR-6615-5p and NF-kB pathway might
be involved in NH3-induced inflammatory injury in
broiler kidneys.
Environmental stressors, such as cold stress (Su et al.,

2019), atrazine (Cui et al., 2019), lipopolysaccharide
(Dong et al., 2020) and cadmium (Chen et al., 2020c),
can affect immunological functions in organisms. Four
subsets, including T-helper (Th) 1 cells, Th2 cells,
Th17 cells, and regulatory T (Treg) cells, are differenti-
ated from naive CD41 T cells and are involved in im-
mune response and inflammation by releasing
cytokines (Zhang and An, 2007). Emerging researches
indicated that hydrogen sulfide (H2S) exposure induced
inflammatory injury through Th1/Th2 imbalance in
chicken lungs (Wang et al., 2018) and jejunums
(Zheng et al., 2019). Our previous study also reported
that decreased Th1 cytokines and increased Th2 cyto-
kines were involved in NH3-caused inflammatory injury
in broiler spleens (An et al., 2019) and thymuses (Chen
et al., 2019). Besides, patients with chronic kidney dis-
ease had a decreased percentage of Treg cells and an
increased percentage of Th17 cells in peripheral blood
cells (Zhu et al., 2018). Mice with PM exposure showed
a decrease of Treg/Th17 ratio and inflammation in
spleens (Li et al., 2016). However, whether Treg/Th17
imbalance was involved in NH3-induced inflammatory
injury in chicken kidneys remained to be studied. There-
fore, we designed this study to investigate the molecular
mechanism of excess NH3-induced inflammatory injury
in broiler kidneys. This study is helpful to understand
the nephrotoxic effect of NH3 and prevent NH3
poisoning in intensive poultry production.
MATERIALS AND METHODS

Animals and Treatments

All experimental protocols were approved by the Insti-
tutional Animal Care and Use Committee of the North-
east Agricultural University (protocol number SRM-06).
A total of 108 one-day-old Ross 308 broilers were
randomly distributed into 3 groups: the control group,
the NH3 group 1, and the NH3 group 2. The broilers
were raised in 3 environmentally controlled chambers
in the Laboratory Animal Center of the Northeast Agri-
cultural University (Harbin, China). Each group had 3
replicate pens with 12 birds per replicate. Standard com-
mercial diet and drinking water were offered ad libitum.
This diet met the nutrient requirements recommended
by the National Research Council (NRC, 1994). Chicken
manure was cleaned once a day. Temperature was main-
tained at 33�C during the first 3 d and then gradually
reduced by 3�C per week until it reached 24�C. Relative
humidity was maintained at 65%. Light programs were
23 h of light and 1 h of dark during the first week, and
20 h of light and 4 h of dark until the end of the
experiment.

NH3 concentration was monitored using a Luma Sense
Photoacoustic Field Gas-Monitor (Innova-1412; Luma-
senseTechnologies Inc, SantaClara, CA). For the control
group, NH3 concentration was less than or equal to 5mg/
m3 during the entire experimental period. For the NH3
group 1 and the NH3 group 2, exogenous NH3 was sup-
plied using a cylinder of compressed anhydrous NH3
(Dawn Gas Co., Ltd., Harbin, China), and NH3 concen-
trations were 10 6 0.5 mg/m3 and 20 6 0.5 mg/m3

from 0 to 21 d of age and 15 6 0.5 mg/m3 and
45 6 0.5 mg/m3 from 22 to 42 d of age, respectively.

Sample Collection and Meat Yield
Measurement

On day 14, 28, and 42, 12 chickens were randomly
selected from each group and euthanized with sodium
pentobarbital. Kidney samples were immediately
collected. Each kidney sample was divided into 3 parts.
The first part was fixed with 10% formalin for histopa-
thology. The second part was homogenized for assay
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kits. The third part was frozen in liquid nitrogen and
then stored at 280�C for quantitative real-time PCR
and Western blot. On day 42, left breast meat and left
thigh meat were weighted.
Histopathological Examination

The kidney samples on day 42 were obtained from
10% formalin, were dehydrated with a graded series
(50, 70, 90, and 100%) of ethanol for 10 min each grade,
were cleared in xylol, and were embedded in paraffin.
The paraffin sections (5-mm thick) were sliced and
stained with hematoxylin-eosin. Histopathological ex-
amination was performed using a light microscope
(Eclipse 80i; Nikon, Tokyo, Japan).
Assay Kits

The kidney homogenateswere centrifuged at 3,000! g
for 10min, and the supernatants were collected. iNOS ac-
tivity and NO content were determined according to the
manufacturer’s instructions (Nanjing JianchengBioengi-
neering Institute, Nanjing, China).
Quantitative Real-Time PCR

Primers were listed as described previously (Zhao
et al., 2013; Wang et al., 2018; An et al., 2019) and
were synthesized by the Invitrogen Biotechnology Co.,
Ltd. (Shanghai, China). Housekeeping genes U6 and b-
actin were selected as internal references. Total RNA
was extracted with TRIzol reagent (Invitrogen Inc,
Carlsbad, CA) according to the manufacturer’s instruc-
tions. RNA integrity was verified with 1.1% agarose gel
electrophoresis. RNA purity and concentration were
calculated through detecting optical density at
230 nm, 260 nm, and 280 nm using a spectrophotometer
(Nano-400; Hangzhou Allsheng Instruments Co., Ltd.,
China). cDNA Was synthesized with the miRcute
miRNA First-Strand cDNA synthesis kit to detect
miRNA expression and with the Quantscript RT kit to
detect mRNA expression according to the manufac-
turer’s instructions (Tiangen, Beijing, China). Quantita-
tive real-time PCR was performed using a QuantStudio
3 real-time PCR system (Applied Biosystems, Foster
City, CA) with 20 mL of reaction mixture (Tiangen, Bei-
jing, China) for miRNA and with 20 mL of reaction
mixture (Roche, Basel, Switzerland) for mRNA.
Western Blot

Total protein was extracted from kidneys on day 42
with the cell lysis buffer for Western and immunoprecip-
itation (Biosharp, Beijing, China) containing 1-mmol
phenylmethylsulfonyl fluoride. Protein concentration
was determined with the enhanced bicinchoninic acid
protein assay kit (Beyotime, China). Equal amounts of
total protein were loaded onto SDS-PAGE and then
were transferred to nitrocellulose membrane. The mem-
branes were blocked in 5% skim milk at 37�C for 2 h and
were incubated with primary antibodies: b-actin and
NF-kB (1:1000; Santa Cruz Biotechnology, CA); iNOS
(1:1000; Abcam, Cambridge, UK); and IkBa, COX-2,
and Smad7 (1:500; produced by Dr. Shiwen Xu lab, Col-
lege of VeterinaryMedicine, Northeast Agricultural Uni-
versity, Harbin, China) at 4�C for 12 h. After being
washed, the membranes were incubated with a horse-
radish peroxidase conjugated secondary antibody
against rabbit IgG (Beijing Zhongshan Golden Bridge
Biotechnology Co., Ltd., Beijing, China) at 37�C for
1 h. Immune complex was treated with the enhanced
chemiluminescence reagent (Applygen Technologies,
Beijing, China). Imaging was performed using a chemilu-
minescence instrument (AI600 RGB; General Electric
Company, Boston, MA). Band intensities were quanti-
fied using Image J version 1.8.0 (Rasband, MD).
Statistical Analysis

Statistical analysis was undertaken using SPSS
version 20.0 (SPSS Inc., Chicago, IL). Normality was
assessed using Shapiro-Wilk normality test. Variance
homogeneity was tested using Levene’s test. All data
showed a normal distribution and satisfied the require-
ment of variance homogeneity. Statistical significance
was evaluated using one-way and two way ANOVA fol-
lowed by Tukey’s multiple comparison test. Pearson’s
correlation coefficient (PCC) was performed to evaluate
correlation between miRNA and target gene. Data were
expressed as mean 6 SD. Mean values with different
lowercase letters represented significant difference
(P , 0.05) among different groups at the same time
point. Mean values with different uppercase letters rep-
resented significant difference (P , 0.05) in the same
group at different time points.
RESULTS

Meat Yield

As shown in Table 1, with the increase of NH3 concen-
tration, breast weight and thigh weight were signifi-
cantly reduced (P , 0.05) on day 42. After 42 d of
NH3 exposure, compared with the control group, breast
weight and thigh weight were reduced by 21.94 and
19.47% in the NH3 group 1 and were reduced by 38.87
and 37.44% in the NH3 group 2, respectively.
Histopathology

Histopathological observations are displayed in
Figure 1. For the control group (Figure 1A1, A2), kidney
tissues showed normal glomeruli and tubules. For the
NH3 group 1 (Figure 1B1, B2), a large number of red
blood cells in renal interstitium and lumen dilatation
in renal tubular were observed. For the NH3 group 2
(Figure 1C1, C2), we observed mononuclear cell (MC)
infiltrate in glomeruli and renal interstitium; granular
cast (C), and lumen dilatation in renal tubular.



Table 1. The effects of NH3 exposure on meat yield of broilers.

Meat yield The control group The NH3 group 1 The NH3 group 2

Left breast weight (g) 271.34a 211.81b 165.89c

Left thigh weight (g) 169.00a 136.10b 105.72c

a,bDifferent lowercase letters represent significant differences (P , 0.05) in different
groups.
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miR-6615-5p and Smad7

miRanda algorithm (score � 140, score , -15) and
RNAhybrid algorithm (score , 220) were used to pre-
dict target relationship between miRNAs and mRNAs.
We found that Smad7 was one of potential target genes
of miR-6615-5p. Moreover, 7 complementary sites be-
tween miR-6615-5p and Smad7 were mapped in the 30
untranslated regions (30-UTR) using DNAman version
7 (LynnonBiosoft Inc, San Ramon, CA), as shown in
Figure 2A, further indicating that Smad7 was a target
gene of miR-6615-5p.
Figure 1. Effects of NH3 on histopathology in chicken kidneys on D 42 (H
control group. (B1 and B2) Histopathological observation in NH3 group 1. (C
C, cast; MC, mononuclear cell; rbc, red blood cell.
We also detected miR-6615-5p expression (Figure 2B)
and Smad7 mRNA (Figure 2C) and protein expression
(Figure 2D). The results showed that miR-6615-5p
expression increased significantly (P , 0.05) and
Smad7 mRNA expression decreased significantly
(P , 0.05) with the increase of NH3 concentration on
day 14, 28, and 42. Smad7 protein expression decreased
significantly (P, 0.05) at higher NH3 concentrations on
day 42. Aforementioned results confirmed that Smad7
was a target gene of miR-6615-5p.

Regarding the control group, there were no significant
differences (P . 0.05) in miR-6615-5p expression and
&E staining, !400). (A1 and A2) Histopathological observation in the
1 and C2) Histopathological observation in NH3 group 2. Abbreviations:



Figure 2. Effects of NH3 on miR-6615-5p and Smad7 in chicken kidneys. (A) Complementary sites between miR-6615-5p and Smad7. (B) Relative
expression of miR-6615-5p. (C) Relative mRNA expression of Smad7. (D) Relative protein expression of Smad7.
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Smad7 mRNA expression among different time points.
Regarding the NH3 group 1 and the NH3 group 2, miR-
6615-5p expression increased significantly (P , 0.05),
and Smad7 mRNA expression decreased significantly
(P, 0.05) with the increase of NH3 exposure time.

In addition, PCC analysis showed that there was
an extremely significant negative relationship
(r 5 20.832, P , 0.01) between miR-6615-5p expres-
sion and Smad7 mRNA expression, further confirming
the target relationship between miR-6615-5p and
Smad7.
Figure 3. Effects of NH3 on iNOS and NO in chicken kidneys. (A) iNOS
expression of iNOS. (D) NO content.
iNOS and NO

In order to investigate if iNOS and NO were involved
in NH3-induced inflammatory damage, iNOS activity
(Figure 3A), iNOS mRNA (Figure 3B) and protein
expression (Figure 3C), and NO content (Figure 3D)
were measured. Compared with the control group,
iNOS activity, iNOSmRNA expression, and NO content
were significantly upregulated (P , 0.05) in the NH3
group 1 at all 3 time points. Compared with the NH3
group 1, iNOS activity, iNOS mRNA expression, and
activity. (B) Relative mRNA expression of iNOS. (C) Relative protein



Figure 4. Effects of NH3 on IkBa, NF-kB, COX-2, and PGEs in chicken kidneys. (A) Relative mRNA expression of IkBa. (B) Relative mRNA
expression of NF-kB. (C) Relative mRNA expression of COX-2. (D) Relative mRNA expression of prostaglandin E synthases (PGEs). (E-F) Relative
protein expression of IkBa, NF-kB, and COX-2.
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NO content were significantly upregulated (P, 0.05) in
the NH3 group 2 at all 3 time points. A similar result was
obtained in iNOS protein expression. iNOS protein
expression increased significantly (P, 0.05) with the in-
crease of NH3 concentration on day 42.
Regarding the control group, no significant difference

(P . 0.05) was found in iNOS activity, iNOS mRNA
expression, and NO content among different time points.
Regarding the NH3 group 1 and the NH3 group 2, iNOS
activity, iNOS mRNA expression, and NO content
elevated significantly (P , 0.05) with the increase of
NH3 exposure time, except that iNOS mRNA expression
on day 42 was significantly (P , 0.05) higher than that
on day 28 and 14 in the NH3 group 1; and NO content on
day 28 and 42 were significantly (P , 0.05) higher than
that on day 14 in the NH3 group 1.
IkBa, NF-kB, COX-2, and PGEs

To explore the mechanism of inflammation caused by
NH3, we determined IkBa, NF-kB, COX-2, and PGEs
mRNA expression on day 14, 28, and 42 and IkBa, NF-
kB, and COX-2 protein expression on day 42 (Figure 4).
There were a significant decline (P , 0.05) in IkBa
mRNA expression and significant rises (P , 0.05) in
mRNA expression of NF-kB, COX-2, and PGEs with
the increase of NH3 concentration on day 14, 28, and 42.
IkBa protein expression was significantly downregulated
(P , 0.05), and NF-kB and COX-2 protein expression
were significantly upregulated (P , 0.05) with the in-
crease of NH3 concentration on day 42.

Regarding the control group, there was no significant
difference (P. 0.05) in mRNA expression of all detected



Figure 5. Effects of NH3 on cytokines in chicken kidneys. (A) Relative mRNA expression of IL-1b. (B) Relative mRNA expression of IL-2. (C)
Relative mRNA expression of IL-4. (D) Relative mRNA expression of IL-6. (E) Relative mRNA expression of IL-12b. (F) Relative mRNA expression
of IL-17. (G) Relative mRNA expression of IFN-g. (H) Relative mRNA expression of TGF-b1.
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Figure 6. miR-6615/Smad7 and immune imbalance participated in NH3-caused inflammatory injury through NF-kB pathway in broiler kidneys.
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factors among different time points. Regarding the NH3

group 1 and the NH3 group 2, IkBa mRNA expression
decreased significantly (P , 0.05), and NF-kB, COX-
2, and PGEs mRNA expression increased significantly
(P , 0.05) with the increase of NH3 exposure time.
Th1, Th2, Th17, and Treg Cytokines

To investigate whether Th1/Th2 and Treg/Th17 im-
balances occurred in chicken renal inflammatory injury
caused by NH3, Th1 cytokines (IL-2, IL-12, and inter-
feron-g [IFN-g]), Th2 cytokines (IL-1b, IL-4, and IL-
6), Th17 cytokine (IL-17), and Treg cytokine (trans-
forming growth factor-b1 [TGF-b1]) were detected
(Figure 5). The results showed that Th1 cytokines and
Treg cytokine decreased significantly (P , 0.05) in a
concentration-dependent manner on day 14, 28, and 42
except that IL-2 and TGF-b1 in the NH3 group 2 were
higher significantly (P , 0.05) than those in the control
group and the NH3 group 1 on day 14. On the contrary,
Th2 cytokines and Th17 cytokine increased significantly
(P, 0.05) in a concentration-dependent manner at all 3
time points. Strikingly, on day 42, compared with the
control group, IL-6 mRNA expression was elevated 7-
fold in the NH3 group 1 and 16-fold in the NH3 group 2.
Regarding the control group, all detected cytokines
showed no significant differences (P . 0.05) among
different time points. Regarding the NH3 group 1 and
the NH3 group 2, Th1 and Treg cytokines were signifi-
cantly downregulated (P , 0.05); Th2 and Th17 cyto-
kines were significantly upregulated (P , 0.05) with
the increase of NH3 exposure time.
DISCUSSION

Exposure to high level of NH3 in poultry houses can
adversely affect chicken growth and health. Miles et al.
(2004) reported that atmospheric NH3 caused a decrease
in breast meat yield of broilers. NH3 exposure caused
lower breast meat percentage and thigh meat percentage
in broilers (Xing et al., 2016). In this study, excess NH3
decreased breast weight and thigh weight. Our results
indicated that excess NH3 negatively affected meat yield
of broilers. In addition, previous studies found that expo-
sure to NH3 can damage cardiac muscle (Xing et al.,
2019), thymuses (Chen et al., 2020b), and spleens (An
et al., 2019) in chickens. Other studies have reported
the nephrotoxic effect of NH3. Witkowska et al. (2006)
observed congestion, glomerulitis, necrotic epithelial
cells, and MC infiltration in the kidneys of broilers
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treated by NH3 (Witkowska et al., 2006). Zarnab et al.
(2019) found that high concentration of NH3 caused
coagulative necrosis and the detachment of epithelial
cells in broilers. In our experiment, histopathological
observation revealed MC infiltration, hyperemia,
swelling, and granular cast in kidneys of broilers exposed
to excess NH3, which indicated that NH3 caused kidney
injury in broilers. NH3-induced kidney injury may be due
to that inhalation or dermal exposure to NH3 resulted in
the elevation of blood NH3 level (hyperammonemia)
(Manninen and Savolainen, 1989). Hyperammonemia
led to impaired kidney function and sustaining kidney
injury (Dasarathy et al., 2017). However, the molecular
mechanism of NH3-induced kidney injury remains
unclear.

miRNA Can be involved in inflammation through
binding to target genes. Transfection with anti-miR-
195 led to an increase of Smad7 in Caco-2 cell line, and
miR-195 inhibited inflammation by targeting Smad7 in
steroid resistance of ulcerative colitis (Chen et al.,
2015). miR-21 Contributed to renal inflammation by
targeting Smad7 in a model of diabetic nephropathy
(McClelland et al., 2015). An et al. (2019) suggested
that miR-133a-5p activated NF-kB and promoted
inflammatory injury through inhibition of
LOC101747543 in broiler spleens. In the present study,
Smad7 was identified as a potential target of miR-
6615-5p using 2 algorithms. Besides, miRNA binds to
target sequence located in the 30 UTR of their target
mRNA through 6- to 8-nt-long complementary se-
quences (Marques-Rocha et al., 2015). In our experi-
ment, 7-nt complementary sequences were found in the
30-UTR of Smad7 using bioinformatics software. More-
over, miR-6615-5p expression increased and Smad7
mRNA expression decreased after NH3 exposure, sug-
gesting that Smad7 was the target gene of miR-6615-
5p. In addition, PCC analysis presented an extremely
significant negative correlation between miR-6615-5p
expression and Smad7 mRNA expression. As can be
seen, Smad7 was a target gene of miR-6615-5p; and
miR-6615/Smad7 axis may take part in inflammatory
injury caused by NH3 in broiler kidneys.

Wang et al. (2005) found that Smad7 overexpression
upregulated IkBa, inhibited NF-kB activation, and alle-
viated inflammatory response in a murine model of
obstructive kidney disease. Smad7 knockout mice
showed a higher level of NF-kB and severe renal inflam-
mation in diabetic kidneys (Chen et al., 2011). NF-kB
plays an indispensable role in inflammation. IkBa can
inhibit the transcriptional activity of NF-kB (Prigent
et al., 2000). The overproduction of NO derived from
iNOS can promote inflammatory cell infiltration and
contribute to inflammatory injury (Kobayashi, 2010).
COX-2–derived PGEs can contribute directly to the
classic signs of inflammation—redness, swelling, and fe-
ver—because it increases blood flow into the inflamed
tissue through augmenting arterial dilatation and
increasing microvascular permeability (Ricciotti and
FitzGerald Garret, 2011). After NH3 exposure, broilers
showed trachea inflammatory injury and increased
mRNA and protein expression of NF-kB, iNOS, COX-
2, and PGEs (Shi et al., 2018). Wang et al. (2018) found
that H2S exposure resulted in chicken pneumonia via
elevating NF-kB, COX-2, and iNOS. In our study, excess
NH3 decreased IkBa; increased NF-kB, iNOS, COX-2,
NO, and PGEs; and caused inflammatory response and
tissue damage in broiler kidneys. These results indicated
that miR-6615/Smad7 axis mediated inflammatory
injury via IkBa/NF-kB pathway in kidneys of broilers
exposed to NH3.
Some studies found that immune imbalance partici-

pated in inflammation. Th1/Th2 imbalance can drive
several inflammatory diseases such as rheumatoid
arthritis, allergies, and Crohn’s disease (Boissier et al.,
2008). Th1 cells secrete IL-2, IL-12, and IFN-g (Salem
et al., 2004). Th2 cells secrete IL-1b, IL-4, and IL-6
(Romagnani, 2000). Tsuchiya et al. (2015) found that
IL-1b stimulation induced IkBa degradation and NF-
kB activation and IkBa degradation in canine fibro-
blasts. Our previous study reported that NH3 enhanced
IL-1b, IL-4, and IL-6 mRNA expression, reduced IL-2
and IFN-g mRNA expression, and caused Th1/Th2
imbalance and spleen inflammatory injury in chickens
(An et al., 2019). Increased IL-1b and IL-6 mRNA
expression was obtained in NH3-induced thymus dam-
age in chickens (Chen et al., 2019). Hu et al. (2019)
found that H2S caused thymus damage through
increasing IL-4 mRNA expression and decreasing IL-12
and IFN-g mRNA expression in chickens. In the present
study, NH3 inhalation downregulated IL-2, IL-12b, IFN-
g, and IkBa and upregulated IL-1b, IL-4, IL-6, and NF-
kB, meaning that Th1/Th2 imbalance mediated inflam-
matory injury via IkBa/NF-kB pathway in the kidneys
of broilers treated by NH3. It is noteworthy that IL-6
mRNA expression increased 16-fold after 42-day expo-
sure to excess NH3, indicating that IL-6 may be a sensi-
tive gene in NH3-induced chicken kidney inflammatory
damage. This result coincided with the result reported
by Shi et al. (2018) that IL-6 mRNA expression was
upregulated nearly 6-fold in NH3-induced trachea in-
flammatory damage in chickens.
Disturbed balance of Treg/Th17 plays a role in path-

ogenesis and progression of IgA nephropathy (Lin et al.,
2012). Treg cells produce TGF-b1 that can suppress
inflammation (Yoshimura et al., 2010). Th17 cells pro-
duce proinflammatory cytokine IL-17 (Turner et al.,
2010). TGF-b1–induced IkBa expression inhibited NF-
kB activity in human salivary gland cells (Azuma
et al., 1999). IL-17 can promote NF-kB activation in hu-
man rheumatoid arthritis (Hot and Miossec, 2011). Li
et al. (2016) found that PM exposure impaired the func-
tion of Treg cells, decreased TGF-b1 secretion, and
caused pulmonary inflammation in mice. Zhao et al.
(2013) reported that cold stress increased IL-17,
decreased TGF-b1, and caused inflammation in broiler
small intestines. In our research, NH3 inhalation downre-
gulated TGF-b1 and IkBa and upregulated IL-17 and
NF-kB, which indicated that Treg/Th17 imbalance
was involved in NH3-caused inflammatory injury
through IkBa/NF-kB pathway in broiler kidneys.



AMMONIA-INDUCED KIDNEY INFLAMMATORY INJURY 5387
In addition, we found that miR-6615-5p expression;
iNOS activity; and NF-kB, COX-2, PGEs, IL-1b, IL-4,
IL-6, and IL-17 mRNA expression increased in a time-
and dose-dependent manner. Smad7, IkBa, IL-12b,
and IFN-g mRNA expression decreased in a time- and
dose-dependent manner. IL-2 and TGF-b1 mRNA
expression decreased in a time-dependent manner.
Smad7 and IkBa protein expression were reduced; NO
content and protein expression of NF-kB, iNOS, and
COX-2 were elevated in a dose-dependent manner.
These results indicated that NH3 caused broiler kidney
inflammatory injury in a time- and dose-dependent
manner. Our previous study also found similar results.
NH3 exposure increased NF-kB, COX-2, and PGEs in
a time- and dose-dependent manner and caused spleen
inflammatory damage in broilers (An et al., 2019).
In conclusion, NH3 exposure impaired meat yield,

caused inflammatory injury, increased miR-6615-5p
and inhibited Smad7, broke Th1/Th2 and Treg/Th17
imbalance, and activated NF-kB pathway in broiler kid-
neys. For the first time, we discovered the role of Treg/
Th17 imbalance in NH3 nephrotoxicity and put forward
that IL-6 was a sensitive gene in NH3-induced inflamma-
tory injury in broilers. The relationship between miR-
6615-5p and Smad7 needs to be investigated in future vi-
tro study. miR-6615/Smad7 Axis and immune imbal-
ance were involved in NH3-caused inflammatory injury
via the NF-kB pathway in chicken kidneys (Figure 6).
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