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� Plasma urea was increased along with
erythrocyte Na+/K+ -ATPase activity
reduced and abnormal erythrocyte
morphologies appeared during 14-
day high relative humidity (90 ± 2%)
exposure.

� Shortly after 12-h and 24-h
exposures, urea influx and ammonia
level were increased in the colon of
mice, respectively.

� Colonic urea-nitrogen metabolism
was influenced by the increased
levels of ammonia, amino acids and
short-chain fatty acids during 14-day
exposure.

� Gut bacteria related to urease
production, amino acids metabolism
and SCFAs production was enriched
during the exposure.
g r a p h i c a l a b s t r a c t
a r t i c l e i n f o
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Introduction: Colonic urea-nitrogen metabolites have been implicated in the pathogenesis of certain dis-
eases which can be affected by environmental factors.
Objectives: We aimed to explore the influence of ambient humidity on colonic urea-nitrogen metabolism.
Methods: Blood biochemical indexes, metabolites of intestinal tract, and gut microbiota composition of
mice (n = 10/group) exposed to high relative humidity (RH, 90 ± 2%) were analyzed during the 14-day
exposure.
Results: After 12-h exposure, plasma blood urea nitrogen (BUN) level increased along with a decrease in
the activity of erythrocyte Na+/K+ -ATPase. Moreover, abnormal erythrocyte morphologies appeared after
3 days of exposure. The colonic BUN and ammonia levels increased significantly after the 12-h and 24-h
exposure, respectively. The colonic level of amino acids, partly synthesized by gut microbiota using
anchang
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ammonia as the nitrogen source, was significantly higher on the 7th day. Furthermore, the level of fecal
short-chain fatty acids was significantly higher after 3-day exposure and the level of branched-chain fatty
acids increased on the 14th day. Overall, gut microbiota composition was continuously altered during
exposure, facilitating the preferential proliferation of urea-nitrogen metabolism bacteria.
Conclusion: Our findings suggest that short-term high RH exposure influences colonic urea-nitrogen
metabolism by increasing the influx of colonic urea and altering gut microbiota, which might further
impact the host health outcomes.
� 2021 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction However, the effect of a high humidity environment on urea-
Based on current greenhouse gas emissions, climatologists pre-
dict that in the coming century, the earth’s climate would become
both warmer and more humid [1]. Regrettably, an increase in
humidity could be a direct or indirect trigger for several diseases
[1]. Environmental epidemiology revealed that humidity was
related to all-cause mortality and morbidity, involving cardiovas-
cular, pulmonary, zoonotic, gastrointestinal, and urologic diseases
[1]. However, the evidence relating the increase in humidity with
the health impacts remains inconsistent. For example, no associa-
tion between relative humidity and daily hemorrhagic and
ischemic stroke counts were found in Hong Kong [2]. Likewise,
humidity showed little or no added effect on heat-related mortal-
ity in Australia [3] and the United States [4]. It was suggested that
to acknowledge the negative/positive impact of humidity related
mortality under hot-dry or warm-humid climate, the health effects
of temperature and humidity must be analyzed separately [5].
Moreover, overlooking humidity can result in a favorable impact
on mortality than in actuality [6]. It was found that the relative
humidity (RH) above 70% has a significant impact on human
responses which gets further amplified with the increase in air
temperature [7]. Notably, in many cities, such as Chongqing,
Guangzhou, and Haikou in China, due to the strong precipitation
in summer, the indoor humidity can reach above 70% [8]. There-
fore, it is critical to study the health influences of high humidity
detached from high temperature.

Gut microbiota and its metabolites affecting host physiology
and metabolism are the crucial factors for host body homeostasis
[9]. Ni et al. found that in patients with Crohn’s disease, an increase
in fecal amino acids content was positively correlated with disease
activity, and for the mechanism, the gut microbiota dysbiosis was
the promoting factor for bacterial urease-mediated change in
nitrogen flux [10]. The disrupted intestinal microbiota composition
and its metabolites might disrupt the intestinal barrier [11], which
was related to inflammation, oxidative and nitrosative stress
[12,13]. A multiple myeloma study suggested a similar mechanism,
in which an increase in relative abundance of nitrogen-recycling
bacteria accelerated the disease progression [14]. Urea, the major
end-product of mammalian protein catabolism, passes from the
circulation into the host’s digestive tract to be broken down by
bacterial urease into ammonia and carbon dioxide [15,16]. Ammo-
nia, a potentially toxic metabolite, might have a direct toxic effect
on colonic cells [17]. Besides, ammonia is the main nitrogen source
for the synthesis of bacterial amino acids and nucleotides [18]. Fur-
thermore, with the aid of gut microbiota, amino acids can be fer-
mented into short-chain fatty acids (SCFAs) by deamination
producing carboxylic acid and ammonia, or by decarboxylation
producing an amine and carbon dioxide. Other than that, some
toxic products, including amines, phenols/indoles, and sulfurous
compounds, can also be produced during amino acid catabolism
[19–21]. Notably, under higher thermal environments, the urea-
nitrogen recycling in the lactating dairy cows was affected by the
ambient temperature exhibiting a decrease in gut urea-N entry
and an increase in urinary urea-N excretion [22]. Chen et al. [23]
showed that 8 consecutive weeks of high humidity (85 ~ 90%,
12 h per day) at 30 ± 0.5 �C led to gut microbiota dysbiosis in mice.
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nitrogen metabolism involving gut microbiota is largely unknown.
Therefore, to examine the impact of short-term high humidity

exposure in colonic urea-nitrogen metabolism, we constantly
monitored gut microbiota, Na+/K+ -ATPase activity, the morphol-
ogy of erythrocyte, plasma BUN, and colonic urea-nitrogen meta-
bolism parameters including urea, ammonia, amino acids, and
SCFAs during a 14-day study using a mice model. A man-made cli-
mate box maintaining normal temperature (23 ± 2 �C) and high RH
(90 ± 2%) was used to expose the animals to the test environment.

Methods

Experimental animals

Male BALB/c mice (8 weeks old, 20 ± 2 g) were obtained from
Vital River Laboratories (VRL, Beijing, China). The mice were accli-
matized for 1 week under controlled temperature (23 ± 2 �C) and
RH (55 ± 5%) in a 12/12 day/night cycle environment and fed a
standard laboratory diet (VRL, Beijing, China). This study was
approved by the Animal Care Review Committee (Animal applica-
tion approval number 0064257) at Nanchang University, China.

Experimental design

As shown in Fig. 1, after environmental adaptation, all the ani-
mals were randomly divided into 6 groups (n = 10). Mice main-
tained under normal humidity (55 ± 5%) for 14 days were named
the Normal group, and those exposed to high RH (90 ± 2%) in a
man-made climate box (RXZ-500C-5, Ningbo Jiangnan instrument
factory, China) for 12 h, 24 h, 3 days, 7 days and 14 days were
named the 12 h group, 24 h group, 3 days group, 7 days group
and 14 days group, respectively. Parameters such as body weight,
and food and water intakes were measured daily. After fasting
for 12 h, peripheral blood samples were collected in dipotassium
EDTA tubes and the mice were sacrificed by cervical dislocation.
Before that, feces and the colonic contents were also collected
and stored at �80 �C for further studies.

Giemsa-stained peripheral blood smears

To prepare blood smears, a drop of anticoagulant blood sample
was evenly spread on a clean and dry silicified glass slide. After
drying at room temperature (RT), the blood smears were soaked
in methanol for 15 min, air-dried at RT, stained in Giemsa dye
for 30 s, and then restained in PBS buffer diluted Giemsa dye
(2 ~ 3:1, v:v) for 1–3 min. Then, the slides were cleanly washed
using distilled water, followed by quick drying in a 37 �C oven.
Images were collected using an Aperio Digital Pathology Slide
Scanners (Aperio LV1, Leica, USA).

Measurement of erythrocyte Na+/K+ -ATPase activity, plasma
antidiuretic hormone, BUN, and ammonia levels

The anticoagulant blood samples were allowed to come to RT
for 1 h. Then, these were centrifuged at 827 � g for 20 min to sep-
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Fig. 1. The design scheme ofanimal experiment. Each blue square indicated that the mice were exposed to normal RH (55 ± 5%) for one day, while the purpele one was
indicated that the mice were exposed to high RH (90 ± 2%) for one day. Abbreviation: RH, relative humidity.
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arate the plasma supernatant and blood cells in the precipitate. To
prepare a transparent and uniform hemolytic solution, the blood
cells (100 lL) were transferred into a new centrifuge tube and
diluted by mixing with 4900 lL pre-cooled distilled water. Lastly,
the erythrocyte Na+/K+ -ATPase activity of the hemolytic solutions,
the plasma BUN and ammonia levels were measured using the
commercially available kits (Nanjing Jiancheng Bioengineering
Institute, Jiangsu, China), following the manufacturer’s instruc-
tions. The plasma antidiuretic hormone (ADH) content was mea-
sured by a commercial ELISA kit (Shanghai Enzyme-linked
Biotechnology Co., Ltd., Shanghai, China).

Determination of colonic BUN and ammonia levels

The colonic content sample (10 mg) mixed with 990 lL ultra-
pure water was homogenized by a grinder (KZ-Ⅱ, Servicebio,
Wuhan, China). The mixture was centrifuged at 9184 � g for
10 min. The supernatant was used to determine the BUN and
ammonia levels using the commercially available kits (Nanjing
Jiancheng Bioengineering Institute, Jiangsu, China) as per their
protocols.

Analysis of fecal free amino acids content

Free amino acids were measured as described by Xiao et al. [24]
with slight modifications. Briefly, 50 mg feces sample was mixed
with 500 lL 0.01 M HCl by vortexing for 30 min. The mixture
was centrifuged at 827 � g for 10 min. To remove the large pep-
tides, the obtained supernatants were incubated with 8% w/v sul-
fosalicylic acid (1:1) for 15 min. The mixture was again
centrifuged (827 � g, 20 min), the supernatants were filtered
(0.22 lm, MCE) and injected into the automatic amino acid ana-
lyzer (S-433D, Sykam, Germany).

pH measurements and fecal SCFAs quantification

The fecal pH values were determined using a pHmeter (PHS-25,
Shanghai Precision Scientific Instruments Company, China). For
SCFAs extraction, 100 mg feces sample was placed in a 2 mL
round-bottomed and stoppered tube in an ice-cold water bath.
Then, 400 lL deionized water was added, and to ensure proper
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mixing, the tube was intermittently vortexed for 2 min. Then, the
tube was allowed to stand in the ice-cold water bath for another
20 min and then centrifuged at 4800 � g for 20 min at 4 �C. The
supernatant was filtered (0.22 lm, MCE) and analyzed with gas
chromatography as described in Hu et al. [25].
Gut microbiota analysis

Feces DNA samples were prepared using a TIANamp stool DNA
Kit (Tiangen biotech Beijing co., LTD, China). The extracted DNA
samples were checked for quality and concentration by 1% agarose
gel electrophoresis and ultraviolet spectroscopy (Nanodrop ND-
1000, Thermo Electron Corporation, USA). The V4 hypervariable
regions of the bacteria 16S rRNA gene were amplified by PCR using
primers 515F (50-barcode-GTGCCAGCMGCCGCGGTAA-30) and 806R
(50-GGACTACHVGGGTWTCTAAT-barcode-30) [26]. Final PCR prod-
ucts were purified to remove unincorporated nucleotides and pri-
mers using the Qiaquick PCR Purification kit (Qiagen, Germany).
Purified amplicons were quantified by using Agilent 2100 Bioana-
lyzer (Agilent Technologies, USA) with the High Sensitivity DNA Kit
(Chips Reagents) (Agilent Technologies, USA), and were subjected
to paired-end sequencing (2 � 250 bp) on an Illumina Miseq plat-
form (Illumina Inc., San Diago, CA, USA) according to standard pro-
tocols. Quality filtering was performed using fastp with default
settings. For downstream analysis, the retained reads with an aver-
age length of 225 bp were processed with the open-source bioin-
formatics pipeline Quantitative Insights into Microbial Ecology
(QIIME) [27]. Chimeric sequences were removed by the Usearch
method and the sequences, with a minimum of 97% sequence sim-
ilarity, were grouped into operational taxonomic units (OTUs) by
UCLUST. From each OTU, representative sequences (most abun-
dant) were aligned using the Python nearest Alignment Space Ter-
mination (PyNAST), and taxonomy was assigned by the
Greengenes database (v.13_8). For alpha diversity, the OTU table
was rarefied at an even sampling depth of 7050 sequences/sample.
Species richness was estimated using Chao1 and the number of
observed species species diversity was analyzed using Shannon.
The sequencing data was submitted to 16S National Center for
Biotechnology Information (NCBI)-derived database (http://www.
ncbi.nlm.nih.gov,http://rdp.cme.msu.edu) under NCBISRA ID
PRJNA689911.
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Fig. 2. The body weight (A), water (B) and food (C) intake of mice following 0 h (Normal), 12 h, 24 h, 3 days, 7 days and 14 days exposure to high RH (n = 10). The appearance
of feces (D) showed its texture changed during the exposure. The black arrows indicate that the feces are dry and rough, while the blue arrows indicate that the feces contain
high moisture content. Data is shown as mean ± SD. * p < 0.05 are significantly different from the Normal group.
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Statistics analysis

All results were subjected to statistical analysis by one-way
ANOVA with the Least Significant Difference (LSD) test using SPSS
19.0 (SPSS Inc., Chicago, IL, USA). Difference in b-diversity was per-
formed in R 3.6.0 by using bray-curtis metrics and packages of ‘‘ve-
gan” and ‘‘ggplot2”. To analyze and visually display the
relationship between gut microbiota data and other variables,
Projection-to-Latent-Structures-Discriminant Analysis (PLS-DA)
(SIMCA version 14, Umetrics, Umeå, Sweden) was applied. The cor-
relation between different variables was performed in R 3.6.0 by
using packages of ‘‘corrplot” and Pearson correlation analysis. Data
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with *p < 0.05 and **p < 0.01 were considered statistical significant,
while 0.1 � p � 0.05 were considered as tendency. All data are
shown as mean ± standard deviation (SD).
Results

Body weight, food intake, water consumption, and appearance of feces

During the high RH exposure, we did not observe any significant
changes in body weight and water consumption (Fig. 2 A and B).
However, the food intake was significantly increased only in the
7 days and 14 days groups when compared with the Normal group
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(p < 0.05, Fig. 2 C). Meanwhile, the appearance of feces was incon-
sistent after 3-day exposure, which was dry and rough or wet in
both the 3 days and 14 days groups while rough and dry in the
7 days group (Fig. 2 D).
Erythrocyte Na+/K+ -ATPase activity and erythrocyte
morphology

Interestingly, compared to the Normal group that did not
receive any high RH exposure, the erythrocyte Na+/K+ -ATPase
activity in mice exposed to high RH exposure was markedly
decreased (p < 0.05), even in the 12 h group. Moreover, the activity
was further reduced (p < 0.01) and then remained stable after 3-
days of high RH exposure (Fig. 3 A). Based on the remarkable
reduction in Na+/K+ -ATPase activity, we next tested the mice’s
red blood cells for morphology by Giemsa staining (Fig. 3 B). Fol-
lowing the evaluation standard of peripheral blood smear [28],
the erythrocyte morphology in the Normal group was smooth,
round-shaped, and uniform size. Compared to the Normal group,
the erythrocyte in the 12 h and 24 h groups were a little bit bigger.
Notably, the erythrocyte size in the 3 days group was even bigger
and exhibited a deformed shape. In the 7 days group, a bite gap
appeared in some cells (belong to fragmented cells), which made
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these bizarre red cells distinct from other cells. After 14-day of
exposure, besides bite cells, burr cells and teardrop cells also
appeared.
Plasma ADH, BUN and ammonia, and colonic BUN and ammonia
levels

We observed that compared to the non-treated Normal group,
the plasma ADH content increased with the duration of high RH
exposure (Fig. 4 A), showing a significant change in both the 3 days
and the 7 days groups (p < 0.05), and an extremely significant
change in the 14 days group (p < 0.01). The increased ADH was
accompanied by an increase in plasma BUN levels (p < 0.01), which
leveled off after 24 h of exposure, as compared to the Normal group
(Fig. 4 B). Notably, the difference in plasma ammonia contents
between the exposure groups and the Normal group were insignif-
icant. Even then, the plasma ammonia content in the 14 days group
was higher than the 12 h (p < 0.05) and 7 days groups (p = 0.068)
(Fig. 4 C).

Compared with the Normal group, the colonic BUN level was sig-
nificantly higher in the 12 h (p < 0.01), 24 h (p < 0.05), and 3 days
(p < 0.01) groups, while no change was noticed in the 7 days and
14 days groups (Fig. 4 D). Similarly, the colonic ammonia level was
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Fig. 4. The contents of plasma ADH (A), plasma BUN (B), plasma ammonia (C), colonic BUN (D) and colonic ammonia (E) of mice following 0 h (Normal), 12 h, 24 h, 3 days,
7 days and 14 days exposure to high RH (n = 10). Data is shown as mean ± SD. Comapred with the Normal group, * p < 0.05 and ** p < 0.01 are taken as significantly different
and extremely significant, respectively. Abbreviations: ADH, antidiuretic hormone; BUN, Blood Urea Nitrogen; RH, relative humidity.
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significantly higher (p < 0.01) in the 24 h group (p < 0.01, Fig. 4 E)
than the Normal group. Surprisingly, no increase in ammonia level
in colon content was noticed in the 3, 7, and 14 days groups.
Fecal free amino acids profile

A total of sixteen kinds of amino acids were tested for fecal free
amino acids profile. We found that compared to the Normal group,
the levels of free amino acids were higher in the 7 days group
(Fig. 5 B). Meanwhile, an increase in the total free amino acid
(Fig. 5 A) in the 7 days group (p < 0.05) showed significantly higher
levels of isoleucine (p < 0.05), followed by the increase in leucine
158
(p = 0.068) and phenylalanine (p = 0.098). Especially, the amino
acids that can produce acetate (glycine, alanine, threonine, gluta-
mate, lysine, and aspartate), butyrate (glutamate and lysine), and
propionate (alanine and threonine) were increased in the 7 days
group (Fig. 5 C).
Fecal SCFAs and pH values

The fecal pH values in the 12 h and 24 h groups were higher
than the Normal group, and then showed a significant reduction
(p < 0.05) in the 14 days group compared to the Normal group
(Fig. 6 A). Accordingly, the total SCFAs levels increased with time
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and were significantly higher in the 3 days and the 7 days groups
(p < 0.05). Notably, the increase in SCFAs levels was extremely sig-
nificant in the 14 days group compared to the Normal group
(p < 0.01, Fig. 6 B). Moreover, in the 14 days group, the contents
of acetic acid (p < 0.01), butyric acid (p < 0.05), and propionic acid
(p < 0.01) were raised significantly, along with the extreme
increase in branched-chain fatty acids (BCFAs), i.e., isovaleric acid
and isobutyric acid than in the Normal group (p < 0.01, Fig. 6 C).
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Composition of fecal microbiota

a-diversity and b-diversity

The tested a-diversity indices included species richness indices
(Chao1 and Observed OTUs) and species diversity indices (Shan-
non). Compared with the Normal group, the index of Shannon
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decreased significantly in all the exposure groups (except for the
14 days group) (p < 0.01, Fig. 7 B), and the index of Observed OTUs
decreased in the 24 h and 3 days groups (Fig. 7 C, p = 0.056,
p < 0.05, respectively). However, among groups, the Chao1 index
remained almost the same (Fig. 7 A).

To explore the comprehensive microbial phenotypes of the Nor-
mal and high RH exposure groups, b-diversity analysis based on
bray-curtis metrics was performed. We found that the exposure
groups could be distinguished from the Normal group (Fig. 7 D).
Adonis test confirmed that the b-diversity of the 24 h, 3, 7, and
14 days groups were significantly different from the Normal group
(p = 0.0289, p = 0.0138, p = 0.0048 and p = 0.0091, respectively).

Phylum level

In the fecal samples, bacteria belonging to phylum Bacteroide-
tes, Firmicutes, Tenericutes, and Proteobacteria were detected
(Fig. 8 A). Compared with the Normal group, the relative abun-
dance of Bacteroidetes was significantly lower in the 24 h group
(p < 0.05), while significantly higher in the 3 days (p < 0.01), 7 days
(p < 0.05) and 14 days groups (p < 0.01, Fig. 8 B). However, the
abundance of Firmicutes first increased in the 24 h group
160
(p < 0.05) relative to the Normal group, and then decreased in
the 3 days (p < 0.01), 7 days (p < 0.05), and 14 days groups
(p < 0.01) relative to the 24 h group (Fig. 8 C). This resulted in a
higher Bacteroidetes-to-Firmicutes ratio in the 3 days (p < 0.01),
7 days (p < 0.05), and 14 days groups (p < 0.01) than that in the
24 h group (Fig. 8 D). Though a lower ratio of Bacteroidetes-to-
Firmicutes was observed in the 24 h group than in the Normal
group (p < 0.05). In all groups, phylum Tenericutes and Proteobac-
teria were in very low abundance and showed no significant differ-
ence among the groups (Fig. 8 E and F).
Family level

The microbiota composition at the family level is shown in Fig. 9
A. Compared with the Normal group, the relative abundance of S24-7
decreased significantly (p < 0.05), while the relative abundance of
Lactobacillaceae increased significantly (p < 0.05) in the 24 h
group (Fig. 9 B and D). Furthermore, compared to the 24 h group,
the relative abundance of S24-7 increased significantly in the
3 days (p < 0.01) and 7 days groups (p < 0.05), while the relative
abundance of Lactobacillaceae decreased significantly in the 3 days
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Fig. 7. Differential gut microbial characteristics in the Normal, 24 h, 3 days, 7 days and 14 days groups (n = 5). A-C) a-phylogenetic diversity (Chao1, Shannon and Observed
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(p < 0.05), 7 days (p < 0.05) and 14 days groups (p < 0.05). Compared
with the Normal group, the relative abundance of [Odoribacteraceae],
Clostridiaceae and Ruminococcaceae were significantly lower in the
high humidity exposure groups (Fig. 9 C, E, and F), while the relative
abundance of Erysipelotrichaceae was significantly higher in the 24 h
(p < 0.05) and 3 days (p < 0.05) groups (Fig. 9 G).
161
Genus level

Changes at the genus level are shown in Fig. 10. The dominant bac-
teria at the genus level included Clostridiales__unclassified, S24-
7_unclassified, Bacteroides, Rikenellaceae_unclassified, Prevotella,
Bacteroidales_Paraprevotellaceae_ Prevotella, and Coprococcus et al.
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Fig. 8. Fecal microbiota composition at phylum level (A) and differences of bacterial relative abundance among 5 groups (B-F), n = 5. Data is shown as mean ± SD. * p < 0.05
and ** p < 0.01 are taken as significant and extremely significant, respectively. Abbreviation: ns, non-significant.

H. Yin, Y. Zhong, H. Wang et al. Journal of Advanced Research 35 (2022) 153–168

162



Norm
al 24

 h
3 d

ay
s

7 d
ay

s

14
 day

s
0.0

0.1

0.2

0.3

0.4

0.5

S2
4-
7

(r
el

at
iv

e 
ab

un
da

nc
e)

* **
*

Norm
al 24

 h
3 d

ay
s

7 d
ay

s

14
 day

s
0.000

0.001

0.002

0.003

[O
do
ri
ba
ct
er
ac
ea
e]

(r
el

at
iv

e 
ab

un
da

nc
e)

*

*
p=0.63

Norm
al 24

 h
3 d

ay
s

7 d
ay

s

14
 day

s
0.00

0.02

0.04

0.06

La
ct
ob
ac
ill
ac
ea
e

(r
el

at
iv

e 
ab

un
da

nc
e) *

*
**

**

Norm
al 24

 h
3 d

ay
s

7 d
ay

s

14
 day

s
0.00000

0.00005

0.00010

0.00015

C
lo
st
ri
di
ac
ea
e

(r
el

at
iv

e 
ab

un
da

nc
e)

*

**
**

Norm
al 24

 h
3 d

ay
s

7 d
ay

s

14
 day

s
0.00

0.01

0.02

0.03

0.04

0.05

R
um
in
oc
oc
ca
ce
ae

(r
el

at
iv

e 
ab

un
da

nc
e)

p=0.58

Norm
al 24

 h
3 d

ay
s

7 d
ay

s

14
 day

s
0.0000

0.0002

0.0004

0.0006

0.0008

0.0010

E
ry
si
pe
lo
tr
ic
ha
ce
ae

(r
el

at
iv

e 
ab

un
da

nc
e)

*

*

(B) (C)

(D) (E)

(F) (G)

(A)

Fig. 9. Fecal microbiota composition at family level (A) and differences of bacterial relative abundance among 5 groups (B-G), n = 5. Data is shown as mean ± SD. * p < 0.05 and
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Fig. 10. The top 18 dominant bacteria at genus level (A) and differences of bacterial relative abundance among 5 groups (B-K), n = 5. Data is shown as mean ± SD. * p < 0.05
and ** p < 0.01 are taken as significant and extremely significant, respectively. [Ruminococcus] is Lachnospiraceae_Ruminococcus. [Prevotella] is Bacteroidales _Paraprevotel-
laceae_ Prevotella.
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Fig. 11. Score scatter plot displays location of mice in the Normal, 24 h, 3 days,
7 days and 14 days exposure to high RH groups (A). n = 5, each circle represents one
mouse. For the 7 days and 14 days groups, one outlier exists in each of the two
groups and is not shown here. Loading scatter plot (B) shows conections between
the fecal microbiota at genus level and plasma parameters (BUN, ADH, ammonia
and erythrocyte Na+/K+-ATPase activity) and feces (FAAs and SCFAs). Microbial taxa
are represented as green circles and each blue circle represented one group.
Correlation analysis based on those parameters was calculated and visualized by
R3.6.0 (C). The blue circles represent positive correlation, red circles represent
negative correlation, and the size and shade of the circles represent the degree of
correlation. Abbreviations: RH, relative humidity; ADH, antidiuretic hormone; BUN,
Blood Urea Nitrogen; FAAs, free amino acids; SCFAs, short-chain fatty acids; BCFAs,
branched-chain fatty acids.
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(Fig. 10 A). In the 24 h group, Lactobacillus (p < 0.05), Lach-
nospiraceae_Ruminococcus (p < 0.05), Desulfovibrio (p = 0.077) and
Clostridiales__unclassified (p = 0.086) were highly enriched, while
S24-7_unclassified (p < 0.05), Ruminococcus (p < 0.01) and Ruminococ-
caceae_unclassified (p < 0.01) were in significantly low abundance rel-
ative to the Normal group (Fig. 10 G-K). On the contrary, compared
with the 24 h group, the relative abundance of Lactobacillus and Lach-
nospiraceae_Ruminococcus was lower, while the abundance of S24-
7_unclassified was higher in other high RH exposure groups. The rela-
tive abundance of genus Bacteroides tended to be increased in the
7 days group (p = 0.076) and showed good enrichment in the 14 days
group (p < 0.05, Fig. 10 B). The relative abundances of Ruminococcus
(p < 0.01) and Ruminococcaceae_unclassified (p < 0.01) were lower in
all high RH exposure groups compared to the Normal group. Mean-
while, the relative abundance of genus Prevotella in the 7 days group
tended to decrease (p = 0.053) relative to the Normal group (Fig. 10 C).
Multivariate analysis

Based on fecal microbiota data at genus level and variables, an
overview of the relationships among various groups is shown in
Fig. 11. In the score scatter plot (Fig. 11 A), different groups are sep-
arated into different areas. The 24 h group is located between the
Normal and the 7 days group. The 14 days group is associated with
increased levels of SCFAs, plasma BUN, and ADH, as well as showed
enriched abundance of Bacteroides. The 3 days group is like the
7 days group, showing association with increased fecal free amino
acids and enriched abundances of S24-7_unclassified and Desul-
fovibrio. In contrast, these were lower in the Normal group, as
shown in the opposite direction in the loading scatter plot. Here,
erythrocyte Na+/K+ -ATPase activity was higher along with
increased abundances of family Ruminococcaceae, including
Runinococcus and Ruminococcaceae_unclassified (Fig. 11 B). Further-
more, Pearson correlation analysis revealed that the plasma BUN
level was highly negatively correlated with erythrocyte Na+/K+ -
ATPase activity (r = � 0.71, p < 0.01) and the abundance of
Ruminococcaceae_unclassified (r = � 0.45, p < 0.05). Whereas, the
plasma ADH level was highly negatively correlated with erythro-
cyte Na+/K+ -ATPase activity (r = � 0.31, p < 0.05) and colonic
ammonia (r = � 0.46, p < 0.05). Notably, the erythrocyte Na+/K+ -
ATPase activity was highly positively correlated with the abun-
dance of Ruminococcaceae_unclassified (r = 0.83, p < 0.01). The
plasma BUN was highly positively correlated with the abundance
of Desulfovibrio (r = 0.57, p < 0.01), while highly negatively corre-
lated with the abundance of Ruminococcus (r = -0.81, p < 0.01)
(Fig. 11 C).
Discussion

Chen et al. [23] revealed that exposure to high humidity
(85 ~ 90%, 12 h per day) led to gut microbiota dysbiosis in a mice
model; however, the gut-microbiota related alteration of intestinal
metabolism remained unclear. In this study, preliminary findings
suggested that exposure to high RH increased blood BUN levels
in a mice model. This promoted the level of urea in the colon con-
sequently affecting the colonic urea-nitrogen metabolism poten-
tially by changing gut microbiota composition/activity. Based on
our findings we suggest the following mechanism (Fig. 12):
short-term high RH (90 ± 2%) exposure quickly reduced the ery-
throcyte Na+/K+ -ATPase activity in mice, inducing lower plasma
osmolality. This may regulates ADH secretion and changing the
urea retention in the body. Consequently, the colonic urea-
nitrogen metabolism might get influenced by an increase in urea
flux and by an altered gut microbiota composition/activity during
the exposure. Such a change plays a critical role in colonic nitrogen
flux metabolism involving urea degradation, amino acid synthesis,
and SCFAs synthesis [10].



Fig. 12. Schematic representation of colonic urea-nitrogen metabolism in mice exposed to high RH.
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Excess urea into the colon might impacts the colonic urea-
nitrogen metabolism involving intestinal microbiota

The standard human diet contains about 85 g protein per day,
which is equal to about 13.6 g N or 1 M N per 70 kg body weight
per day [29]. Urea, a nitrogenous waste product formed during
the catabolism of dietary protein, is excreted through the urine
(~82%), sweat (~3%), or gets delivered into the colon (~15%)
[10,29,30]. The comparable studies in sheep and rabbits revealed
that 27 ~ 30% of cecal ammonia is endogenously derived from urea
[31]. Therefore, it is suggested that too much endogenous urea
might flow into the colon, eventually producing ammonia with
the aid of urease. This changes the intestinal environmental home-
ostasis by increasing the pH causing negative impacts on host
health [32]. The current study indicated that plasma BUN levels
were significantly increased in mice exposed to high RH for 12 h,
inducing an increase in colonic urea flux. Eventually, after 24 h,
increased ammonia content in the colon raised the fecal pH [33].
The reduction in colonic BUN level could be due to colonic urea
hydrolysis into carbon dioxide and ammonia by bacterial urease
[10]. Ammonia stress has been associated with an increase in the
relative abundance of Firmicutes bacteria [34]. Notably, Lactobacil-
laceae abundance was found to be positively correlated with
ammonia-N levels [35]. A similar change in relative abundance of
these microbes was seen in the 24 hgroup of the current study,
with an increase in colonic ammonia level, but not the colonic
BUN level. However, after 24 h, the colonic ammonia level was
not increased along with the increasing of colonic BUN level. It
could be possible that the high level of ammonia gets instantly
converted into other microbial metabolites. Besides, the genus Lac-
tobacillus, one of the major acid ureases producer in the gut [36],
was enriched in the 24 h group. This further confirms that 24-
hour high RH exposure increased urea flow into the colon and
thereby was used as substrate for urease related bacteria, e.g., fam-
ily Lactobacillaceae and genus Lactobacillus.

Notably, the gut microbiota can rapidly consume urea-derived
ammonia as the nitrogen source [37] for the biosynthesis of vari-
ous amino acids, such as glutamate, glutamine, asparagine, valine,
leucine, isoleucine, phenylalanine, tryptophan, and tyrosine [20].
Earlier, compared with germ-free mice, in the gastrointestinal tract
166
of conventionalized mice, the distribution of free amino acids was
significantly altered indicating a major role of gut microbiota in
amino acid homeostasis and host health [38]. Notably, we found
the relative abundance of genus Bacteroides, an important bacteria
in colonic amino acid metabolism [39], was significantly higher in
the 7 days (p = 0.076) and 14 days groups (p < 0.05) relative to the
24 h group, but not to the Normal group. This suggests that the
genus related to amino acid metabolism could get altered during
the exposure.

Many studies showed that gut amino acids can be utilized for
the biosynthesis of SCFAs via deamination, involving gut micro-
biota [10,40,41]. Besides, certain toxic products, such as amines,
phenols/indoles, and sulfurous compounds, are also produced dur-
ing the biosynthesis [41]. Meanwhile, the gut bacteria can rapidly
assimilate ammonia (as a nitrogen source) into the microbial
amino acids biosynthesis [20]. The gut microbiota of the mice sub-
tly completes the colonic urea-nitrogen metabolism process, from
urea to ammonia, amino acids, and lastly to SCFAs. Specifically,
bacterial fermentation of glycine, alanine, threonine, glutamate,
lysine, and aspartate can produce acetate; bacterial fermentation
of threonine, glutamate, and lysine can produce butyrate, and ala-
nine and threonine can produce propionate [39]. Fascinatingly, all
these contents increased after 7-day exposure, while reduced in
the 14 days group. The relative abundance of genus Prevotella, a
producer of acetic, lactic, and succinic acids as the major metabolic
end products, was relatively higher in the 14 days group than in
the 7 days group [42], and this significantly raised the SCFAs level.
Moreover, we found that the plasma BUN levels were highly nega-
tively correlated with the abundance of Ruminococcaceae_unclassi-
fied, which are commonly found in the mammal intestines and can
break down plant material such as cellulose and hemicellulose
[43]. A lower abundance of Ruminococcaceae_unclassified indicates
that the gut digestive function gets affected by high RH exposure,
which is also reflected as the changes in the fecal appearance.
Taken together, short-term exposure to high RH could induce
abnormal nitrogen flux metabolism involving intestinal bacteria.

So far, only a few studies have examined the influence of high
RH on health. Based on our findings using a high RH exposure
model, more in-depth investigations must be carried out to exam-
ine the potential roles of gut microbiota and its end products in
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amino acid and SCFAs perturbations, affecting host health. The
changes in fecal microbiota composition, such as an increase in Fir-
micutes versus Bacteroidetes ratios and almost complete omission
of Verrucomicrobia phylum, favors enhanced energy extraction
[44]. We noticed that during the high RH exposure, the Firmicutes
versus Bacteroidetes ratio increased after 24 h, and then reduced to
the Normal group level after 3 days until 14 days. This indicates
that the change in fecal microbiota composition might be involved
in energy homeostasis. Furthermore, during high RH exposure, the
increased content of SCFAs (acetate, propionate, butyrate) can be
absorbed in the lower gut to harvest energy [45]. The bacterial
metabolites, e.g., SCFAs and amino acids, mediates a critical role
in host physiology [46]. The increased production of acetate in
the 7 days and 14 days groups could have activated the parasym-
pathetic nervous system to promote hyperphagia [47]. However,
the effect of acetate on glucose-stimulated insulin secretion, ghre-
lin secretion, obesity and related sequelae [47] did not determined
in the current study. Notably, 7-day and 14-day duration of high
RH exposure increased the colonic amino acids and SCFAs contents.
Meanwhile, some toxic compounds, such as amines, phenols/in-
doles, sulfurous compounds along with BCFAs were also produced
as end-products [20]. Our results show that the BCFAs content,
used as a biomarker of protein catabolism [21], was significantly
higher in the 14 days group. Although little is known about the
impact of BCFAs on host health, the negative impacts of pro-
inflammatory, cytotoxic, and neuroactive compounds produced
from the sulfur-containing, basic and aromatic amino acids has
been confirmed [40]. Also, the higher plasma ammonia content
found in the 14 days group, compared to the 12 h group, could
have mainly arrived from deamination during the SCFAs synthesis
in the gut, increasing the incidence of hyperammonemia [29].
Therefore, other metabolites, including phenols/indoles, sulfurous
compounds, also should be studied deeply to investigate the over-
all impact of colonic urea-nitrogen metabolites on host health.
High relative humidity exposure reduces Na+/K+- ATPase
activity and damages erythrocytes

In addition to the change in the colonic urea-nitrogen cycle, we
found that high humidity exposure significantly decreased the ery-
throcyte Na+/K+ -ATPase activity in mice. Moreover, this change
was negatively correlated with the plasma BUN levels. Na+/K+ -
ATPase, also called the sodium pump, is an ion transporter that
exports three Na+ ions and imports two K+ ions across the plasma
membrane by hydrolyzing ATP [48,49]. It is a ubiquitously
expressed membrane-bound enzyme in the plasma membrane of
all animal cells regulating membrane potential, cellular volume,
and neuronal communication [50]. In the case of reduced activity
of the sodium pump, a decrease in plasma osmolarity reduces
sodium content in the erythrocyte. Besides, hyponatremia may
be caused by increased secretion of antidiuretic hormone [51],
causing urea retention in the body.

An altered activity of erythrocyte Na+/K+ -ATPase can disrupt
the cell membrane of red blood cells [52]. Due to decreased ery-
throcyte Na+/K+ -ATPase activity, abnormal erythrocyte morpholo-
gies appeared in the 3, 7 and 14 days groups, showing bigger size,
deformed shape, bite cells, burr cells, and teardrop cells. Burr cells
have also been noticed in the case of changed intravascular fluid
tonicity, e.g., azotemia [24]. This is consistent with our results as
the plasms ammonia content increased significantly after 14-day
exposure compared to the 12 h group. Erythrocytes, the most
abundant cells in the blood, deliver oxygen to tissues and organs
[53] and are involved in immune function [54]. The erythrocytes
with damaged structures may fail to perform immune function.
Moreover, the microbiota plays a fundamental role in the induc-
tion, training, and function of the host immune system [55]. For
instance, changes in Firmicutes versus Bacteroidetes ratio,
observed in high RH exposure groups, have been associated with
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inflammatory diseases, such as obesity and diabetes [56]. Gao
et al. reported that the short-duration exposure (~68% relative
humidity, 28 days) was associated with altered levels of CD8 + T
cells, indicating that even a short-term humid environment can
influence human immune profiles [57]. In this study, though the
erythrocytes morphologies were found to be abnormal, their role
in influencing the immune function, the cross-talk between host
immune and gut microbiota, including the effects on gut micro-
biota metabolites needs to be further investigated.

Conclusion

In this study, short-term high RH exposure resulted in abnormal
erythrocyte morphologies and affecting colonic urea-nitrogen
metabolism by changing gut microbiota. Plasma BUN retention
quickly responded to the high RH exposure, along with decreased
erythrocyte Na+/K+-ATPase activity and up-regulation of ADH
secretion. The excessive accumulated BUN enters the colon and
thus changes the gut microbiota composition. This further disor-
ders the levels of ammonia, amino acids, and SCFAs. Further, the
products of colonic urea-nitrogen metabolism, e.g., acetate, ammo-
nia, and BCFAs, might induce hyperphagia, hyperammonemia,
immune dysfunction, and other health issues. Overall, these find-
ings can be explored further to understand the influence of high
RH exposure on human health.
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