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ABSTRACT

Background: Novel Coronavirus disease 2019 (COVID-19) was first detected in pneumonia patients in Wuhan,
China in December 2019. Based on the current understanding, COVID-19 has become a global issue.
Presumably, numerous studies have found that SARS-CoV-2 also transpires in kidney tissue with permanent
viral loads. However, it is elusive as to whether SARS-CoV-2 can directly damage the kidney or induce acute
renal failure. Hence, to comprehensively understand the impact of COVID-19 on kidney damage, we conducted
a retrospective series of case studies to assess kidney functions. Additionally, ACE2 distribution in kidney tissue
was analyzed through RNAseq data in open-access databases.

Results: According to the findings from transcriptome analysis, we revealed higher ACE2 expression levels in
females than males. Similar results were more noticeable in the elderly than in young adults. Furthermore,
single-cell RNA sequencing data analysis showed high ACE2 expression in kidney tubule and collecting duct
principal cells as well as glomerular parietal epithelial cells. On their admission, the patient's serum creatinine
and blood urea nitrogen (BUN) were elevated to between 36.13% and 16.80%, respectively. The estimated
glomerular filtration rate (EGFR) of < 60 ml/min per 1.73 m2 was reported in 10.92 % of the patients. Notably,
at admission, increased BUN time varied linearly following the generalized additive mixed model. Thus, the
hourly-increase of BUN in patients was 0.495 (95%Cl: 0.263, 0.726).

Conclusion: Based on clinical findings, it was ascertained that COVID-19 can damage renal function, but it
seldom causes acute renal failure. Coronavirus may directly bind to ACE2-positive cells and damage kidney
tissue in the analysis of scRNA-seq data in kidney tissue. Therefore, this evidence suggests that kidney tissue act
as the SARS-CoV-2 infection site and the findings could provide insight into the pathophysiology of kidney
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Methods: We systematically analyzed ACE2 expression profiles in organs based on open-access datasets for
healthy individuals. Meanwhile, single-cell sequencing data for kidney samples were collected and analyzed.
Assessments on kidney functions were conducted on 119 selected COVID-19 positive patients admitted from
10 February — 18t March 2020, in hospital in Wuhan City, Hubei Province. Consequently, their clinical records
and laboratory findings, such as the estimated glomerular filtration rate (eGFR), Blood Urea Nitrogen (BUN),

Creatinine, and Comorbidities, were collected.

INTRODUCTION

In early December 2019, several unknown pneumonia
cases were reported in Wuhan City, Hubei Province,
China [1, 2]. Following the sequencing on the patient's
respiratory tract samples, the results revealed the
presence of Coronavirus disease 2019 (COVID-19). As
a result, the COVID-19 outbreak caused significant
mortality and morbidity in China. As of February 11,
2020, China reported 72,314 individuals positive for
COVID-19, a death toll of 1,023 was confirmed and
over 21,675 suspected cases. Furthermore, globally,
there were rapidly-growing numbers of COVID-19
patients [3]. The World Health Organization designated
a global emergency health event as a result of major
illnesses and deaths caused by the COVID-19 epidemic
[4]. From December 2019, onwards, the spread of
COVID-19 has become implacable thus attained
epidemiological criteria to be declared a pandemic,
having infected over 170,000 people in 100 countries
and regions. COVID-19 is currently considered a global
issue [5, 6].

Studies have demonstrated that a notable
metallopeptidase called angiotensin-converting enzyme
2 (ACE2), is a functional receptor for Severe Acute
Respiratory Syndrome coronavirus (SARS-CoV) [7].
Despite the natural role of SARS-CoV in the renin-
angiotensin system, it gains entry into the cells through
ACE2 [8, 9]. Besides, recent studies have shown that
new coronavirus belongs to the Coronavirus family B-
CoV, which is closely related to SARS-CoV [10, 11].
Meanwhile, the genome of severe acute respiratory
syndrome coronavirus 2(SARS-CoV-2) has a similar
sequence to SARS-CoV [12, 13]. As a result, it is
hypothesized that new coronavirus and SARS-CoV
enters the cell via the same ACE2 receptor. Notably,
from recent assessments, it has been confirmed that
ACE2 could be the host receptor for SARS-CoV-2 [14,
15]. However, potential avenues for SARS-CoV-2
infections as confirmed by bioinformatics evidence, are
respiratory, cardiovascular, digestive, and urinary
systems [16-18]. The expression of ACE2 in human
kidney epithelial cells has also been extensively
explored [19, 20]. It is therefore evident from these
studies that, COVID-19 patients may cause kidney
injuries.  Nonetheless, the specific mechanisms

underlying kidney damages caused by SARS-CoV-2
remain elusive especially on the gender disparity aspect
[21]. Identification of the possible mechanism of kidney
injury and urine transmission pathway is essential to
elucidate the pathogenesis of COVID-19, thus
providing early intervention to prevent kidney damage
and cross-infection in patients with COVID-19,
especially in asymptomatic virus carriers. Herein, we
conducted a retrospective case series study to evaluate
the renal function among COVID-19 patients. Of note,
bioinformatics results from the ACE2 distribution in the
kidney tissue discovered the potential mechanism of
kidney damages. Also, the disparities related to race,
age, gender, and smoking status in ACE2 expression
levels were explored.

RESULTS

Tissue ACE2 expression analysis in the healthy
population

Among the COVID-19 patients, most have injuries on
lung, kidney, testis, and oral mucosa. Therefore,
urgency in exploring whether some organs are more
vulnerable to COVID-19 in a healthy population is
paramount. As a result, analysis of GTEXx project data
revealed that ACE2 was highly expressed in the kidney,
digestive tract, lung, and testis (Figure 1A). However,
the expression level of ACE2 was significantly altered
between the male and female populations in the blood,
brain, breast, heart, esophagus, and skeletal muscle
organ. Notably, the ACE2 expression level was higher
in the female population in the kidney, although it was
not statistically significant (Figure 1B). Hence, the
above result is consistent with the epidemiological
characteristics of over 70,000 cases released by the
Chinese Centers for Disease Control and Prevention on
February 11, 2020 (The ratio is 0.99: 1 in Wuhan and
1.06: 1 for the whole country) [3]. According to our
study, we found that the expression level of ACE2 in
the Kkidney was positively correlated with age.
Moreover, the ACE2 expression levels in the kidney
were relatively higher in the elderly in most organs as
compared to the children (Figure 1C). As a notable
observation from this study, it may be partly explained
that the elderly are highly susceptible to coronary
pneumonia [2].
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Functional enrichment analysis

Gene expression profiles of 28 healthy populations from
extracted from the GTEx dataset to examine the
potential biological processes correlated with ACE2.
Based on the median of ACE2 expression level, the
samples were divided into two groups: higher
expression and lower expression groups. Therefore, the
GSEA was conducted to reveal the ACE2 related
functional enrichment categories. Accordingly, our
results revealed that enrichment of GO terms mostly
occurred in the vascular associated smooth muscle cell

apoptotic  process, SnRNA binding, and RNA
polymerase Il complex binding (Figure 2A).
Furthermore, KEGG analysis demonstrated that

ribosome biogenesis in eukaryotes, synthesis, and
degradation of ketone bodies and spliceosomes were
activated in the higher expression group (Figure 2B).

GTEx ACEZ expression
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In the process of exploring whether the above activities
can be triggered after coronavirus infection, we
analyzed the expression profile of peripheral blood
infected with SARS-CoV using the ssGSVA and GSEA
method. Besides, the ssGSVA was employed to
evaluate the immune cell infiltration in samples with
infected SARS cells. Thus, the findings indicated that
DCs (dendritic cells), mast cells, macrophages were
elevated in the SARS infected cells. Meanwhile, both
ACE?2 expression in the tumor and the Immune Score
increased simultaneously (Figure 2C). Additionally, the
GSEA analysis revealed that several innate immune
responses, host immune response was up-regulated in
the samples with infected SARS cells, including
disruption by a host of symbiont cells, neutrophil-
mediated cytotoxicity, and tertiary granule lumen
(Figure 2D, 2E).
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Figure 1. RNA-seq analysis of public GTEx datasets. (A) Violin plot of ACE2 expression in normal tissues, colored by organs, Kruskal—
Wallis test was used to examine the difference across organs; (B) Box plot of ACE2 expression exhibits the gender disparity across different
organs using Wilcox test; (C) Box plot of ACE2 expression exhibits the difference in different age populations using Kruskal-Wallis test. All P

value less than 0.05 was considered statistically significant.
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These results also reveal that the upregulation of ACE2
can mediate the inflammatory response induced by
cytokines. Concurrently, we speculated that the high
ACE2 expression could prolong the virus life cycle,
enhanced its replication ability, and mediate the
invasion of coronavirus into host cells.

Cancer cell line ACE2 expression analysis

The gene expression profiles of the cancer cell line were
downloaded from the CCLE dataset. The ACE2
expression levels were higher in the kidney, nasal
mucosa, respiratory tract, bronchus, and lung (Figure
3A). Among the kidney cancer cell line, VMRCRCZ
and SLR23 cell line has higher ACE2 expression levels
(Figure 3B). Compared to the male population, the
ACE2 expression level was higher in the female
population in the kidney. However, statistical
significance was not observed (Figure 3C). These
findings are consistent with the previous observations,
where the gender disparity was not detected. Also, we
revealed that the ACE2 expression levels in the kidney

cancer cell lines were positively correlated with age.
The expression level of ACE2 in the kidney in the
elderly was higher than in children (Figure 3D). on the
contrary, ACE2 expression levels of Asians was not
significantly higher than other races (Figure 3E).

The expression correlation between ACE2 and mRNAs
were examined by calculating the Pearson correlation
coefficient through mRNA expression profiles in 31
kidney cell lines. As a result, 2,485 protein-coding
genes were expressed as highly correlated with ACE2
(Pearson correlation coefficient >0.5 and p < 0.001).
Figure 3F exhibited the top 50 co-expressed genes.

Analysis of ACE2 expression level in the TCGA
dataset

The distribution of ACE2 expression levels in the pan-
cancer in the TCGA dataset is shown in Figure 4. From
the results, the differences between primary tumor and
solid tissue normal samples were observed, such as
KIRP and KIRP, KICH. Besides, the ACE2 expression
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Figure 2. RNA-seq analysis of the open-access dataset. Functional enrichment analysis using the GSEA method in GTEx kidney samples
exhibited the top 10 GO terms (A) and the top 10 KEGG terms (B). The immune landscape of severe acute respiratory syndrome (GSE 1739)

(C), The GO terms (D), and The KEGG terms (E) were exhibited.
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Figure 3. RNA-seq analysis of public CCLE datasets. (A) The Box plot exhibits of ACE2 expression in childhood tumor; (B) The Box plot
exhibits of ACE2 expression in kidney cancer cell line; The disparities of gender (C), age (D) and race (E) was shown in the CCLE dataset. (F)
The heatmap exhibits the top 25 positively/negatively related to ACE2 expression. Statistical significance was detected using Wilcox test for
comparisons between two groups and Kruskal-Wallis test for more than two groups.
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in tumor samples was higher in solid normal samples in
most tumors.

Accordingly, results have shown that KIRP and KIRC,
KICH may be more closely related to the types of
kidney cells infected by SARS-CoV and SARS-CoV-2.
Meanwhile, ACE2 had a higher expression level in
KIRP and KIRC samples, therefore our next study
focused on tumor samples. Merging data of primary
tumor samples and solid tissue normal samples by batch
normalization using “sva” package increased the sample
size and statistical power [27].

In the tumor samples, ACE2 expression was up-
regulated in smokers (Figure 5A), suggesting that
smoking may increase the susceptibility of new
coronaviruses. The ACE2 expression level was higher
in the female population in the kidney. However, no
statistical significance was observed (Figure 5B). We
also found that the expression level of ACE2 was
positively correlated with age. On the elderly, the
expression level of ACE2 in the kidney was higher than
in children (Figure 5C, 5D). Compared with other races,

ACE2 expression
ACE2 expression

P=0.005

ACE2 expression

The analysis demonstrated that the ACE2 expression
level in Asians was not significantly higher than of
other races (Figure 5E). Thus, the expression level of
ACE2 was associated with survival probability or
pathological stage (Figure 5F, 5G). As a result, the
expression of ACE2 in tumor patients is generally high
and more susceptible to COVID-19 infection with a
worse prognosis. Previous studies concur with our
recent findings [28].

Analysis of sScRNA-seq data in kidney tissue

To assess the expression pattern of ACE2 in the human
kidney, we analyzed a published scRNA-seq dataset in
the GEO dataset (GSE 131685). In the human dataset,
19,168 cells passed standard quality control and were
retained for further analyses. We divided single cells
into 12 sub-clusters based on the canonical markers and
cell classification in the original literature. Accordingly,
our results indicated that ACE2 expressions exhibit
higher expression in the kidney tubule, collecting duct
principal cells, and glomerular parietal epithelial cells
(Figure 6A, 6B). Contrastingly, ACE2 expression was
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Figure 5. RNA-seq analysis of public TCGA datasets. Box-Violin plot shown the disparities of smoking status (A), gender (B), age (C),
race (E), tumor stage (F), and survival probability (G). Two-tailed statistical P values were calculated by Wilcox test. (D) The association

between age and ACE2 expression level.
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not observed in immune cells. Hence, these results
indicate that kidney cells are the potential targets of
COVID-19. Also, we found ACE2 most actively
expressed in the female population (Figure 6C—6E),
which is consistent with our findings from
transcriptome analysis.

COVID-19 damage renal functions in clinical data

Among 119 COVID-19 patients, there were 58 males
and 61 females. The median age was 60 years and
ranged from 20 to 84 years (Table 1). However, 8
critically-ill patients needed ventilator support to
breathe in these cases. Only one patient was diagnosed
with acute renal failure (ARF). Of the 119 COVID-19
patients, there were 3 death cases. After infection with
SARS-CoV-2, serum creatinine, and blood urea
nitrogen (BUN) were elevated in 36.13% and 16.80% of
the patients on admission, respectively. Also, an
estimated glomerular filtration rate < 60 ml/min per
1.73 m2 was reported in 10.92 % of patients. Notably,
at admission, increased BUN time varies linearly

A

sLcazan

following the generalized additive mixed model. Thus
the hourly-increase of BUN in patients was 0.495
(95%CI: 0.263, 0.726) after adjusting for age, sex,
comorbidities (diabetes and hypertension duration), and
symptom (fever, cough) (Figure 7A). The non-linear
association of eGFR/Creatinine was observed (Figure
7B, 7C). In general, as the length of inpatient treatment
increases and so is the creatinine, even on patients who
are about to be discharged. Therefore, these results
suggest that COVID-19 patients continue to suffer
kidney damage for a long time, and seldom develop
ARF. Previous studies reported similar results [29].

DISCUSSION

Coronaviruses have caused two large-scale pandemics
in the past two decades; SARS in 2002 and the Middle
East respiratory syndrome (MERS) in 2012 [30].
Notably, in December 2019, COVID-19 broke out in
Wuhan and rapidly spread to multiple regions and
countries around the world. Precisely, it poses a major
threat to global public health. With an increasing
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Table 1. Characteristics and outcomes of patients with COVID-2019.

Group All patients Normal basgli_ne Elevated bas_el_ine serum P_value
serum creatinine creatinine
119 (N=76) (N=43)

Age
>60 46 19 0.044
<60 30 24

Gender
Male 38 23 0.035
Female 38 20

Coexisting Disorder
Hypertension 19 7 0.324
Diabetes 8 2 0.562
Cancer 1 1 0.256
COPD 3 1 0.458
Coronary heart disease 4 8 0.030

number of cases and expansion of the scope of
infection, people were greatly concerned about the
development of the epidemic [3]. Currently, COVID-19
patients were reported in over 100 countries and regions
within weeks, thus becoming a public health emergency
of global concern [5].

Similar to SARS-CoV infection, the spike (S) protein of
SARS-CoV-2 was found to engage ACE2 as the host
cellular receptors to enter host cells for reproduction and
spread. To date, no effective treatment or vaccine has
been clinically approved for these pathogens. The
incubation period of COVID-19 is two weeks or longer,
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Figure 7. The time-variation trend of kidney functions overtime during hospitalization using the GAMM model. (A) The
increased time-vary linear trend of BUN can be observed; (B) The increased time-vary non-linear trend of Cr; (C) The increased time-vary non-

linear trend of eGRF.
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and it is highly contagious [7]. However, the main target
organ is lung tissue, Kidney tissue, testis tissue, and skin
tissue. Although many studies have shown concerns with
lung damage, estimates of kidney damage are often
ignored. Besides, with the reinfection of COVID-19 after
treatment, it has indicated that SARS-CoV-2 may exist in
human organs for a long time. Therefore, we
retrospectively analyzed laboratory kidney functions
from 119 cases of COVID-19 patients and focusing on
eGFR, BUN, and Creatinine. Clinical data results
demonstrated that COVID-19 patients suffered from
varying degrees of renal impairment. Therefore, to
explore the specific mechanism of kidney damage in
patients with COVID-19, we analyzed the expression
pattern of ACE2 in Kkidney tissue using transcriptome
data, and the findings revealed that kidney tissue may be
the target for SARS-CoV-2. Herein, we investigated
differences in ACE2 gene expression related to race, age,
gender, and smoking status by analyzing transcriptome
data in current work. According to our results, we found
that ACE2 gene expression was significantly higher in
the kidney tissue of former smokers than in nonsmokers.
In the TARGET dataset, ACE2 expression was
negatively correlated with age. In the elderly population,
the opposite trend was observed. Therefore, more
attention should be concerned with infants and elderly
populations. From the TCGA and CCLE datasets, ACE2
expression was upregulated in smokers, suggesting that
smoking may increase the susceptibility to COVID-19
infection. Although the higher expression of ACE2 was
observed in the female population, no statistical
significance was detected. These findings were consistent
with the previous observation where gender disparity was
not detected. We also found a higher expression level of
ACE2 in the kidney of the elderly than on children.
Therefore, further studies were needed to confirm these
findings. Moreover, ACE2 was detected in all the
samples, including a healthy population and adjacent
tumor samples.

Recent studies have shown that kidney epithelial cells
were found to be more infectious COVID-19 progeny
than bronchial epithelial cells, therefore suggesting a
viral kidney tropism [31]. Based on our current study of
scRNA-seq data in adult kidney, we believe that kidney
tissue may also be vulnerable to COVID-19 infection.
The findings demonstrated that ACE2 was mainly
enriched in renal cells, particularly in tubular cells,
which was similar to a previous study [9]. According to
Hamming et. al, they reported that ACE2 was present in
the glomerular visceral and parietal epithelium, brush
border and cytoplasm of proximal tubular cells, and the
cytoplasm of distal tubules and collecting ducts [9].
Renal tubular cells have reabsorption functions,
excretion of metabolites, maintaining fluid balance and
acid-base balance. Meanwhile, several studies have

successfully tested virus RNA from the urine of
COVID-19 patients, and suggested the possibility
reservoirs of kidney tissue for SARS-CoV-2 [29].

Currently, researchers are keen on COVID-19 patient’s
lung symptoms while neglecting other symptoms like
kidney damage, gastrointestinal symptoms. For example in
Mycobacterium tuberculosis (TB), COVID-19 can not
only cause respiratory infections, but also damage other
organs, such as the small intestine, kidney, and brain.
Therefore, we should treat COVID-19 patients like TB
patients. Cheng’s research team has reported a high rate of
renal abnormalities in COVID-19-positive patients. The
prevalence of elevated serum creatinine, elevated blood
urea nitrogen and estimated glomerular filtration under 60
ml/min/1.73m2 were 14.4, 13.1, and 13.1%, respectively
[32]. The clinical data demonstrated that SARS-CoV-2
directly infects human renal tubules and may cause kidney
damage. Furthermore, a recent study has reported that
detection of viral RNA in urine samples from patients with
severe SARS-CoV-2 infection [33], suggesting that
kidney-derived virus particles may pass through the kidney
glomerulus to enter the urine. Similarly, the results agree
with our study that ACE2 can bind to glomerular parietal
epithelial cells. Therefore, SARS-CoV-2 can enter renal
tubular cells by binding to ACE2, thereby inducing
cytotoxicity and renal dysfunction.

In this recent study, clinical data demonstrated that
COVID-19 patients suffered from different degrees of
kidney damage, even ARF. Meanwhile, we used the
transcriptome data to analyze the distribution of ACE2
expression in races, ages, and genders in the kidney.
The results of sScRNA-seq data have accurately located
the expression and distribution of ACE2 in kidney cells.
Therefore, these findings provide evidence that human
kidneys are potential targets for SARS-CoV-2, which
could provide a piece of proof for the future prevention
strategy of kidney damage in clinical practice as well as
daily life. However, the specific mechanism of its
potential kidney damage is still unclear and should be
further explored.

MATERIALS AND METHODS
Transcriptome data

Profiles of gene expression were downloaded from the
TCGA kidney cohort (https:/portal.gdc.cancer.gov/),
Genotype-Tissue Expression (GTEXx) project (https:/
commonfund.nih.gov/GTEX/), Gene Expression Omnibus
(GEO) (https://www.nchi.nlm.nih.gov/geo/) and Broad
Institute Cancer Cell Line Encyclopedia (CCLE) (https://
portals.broadinstitute.org/ccle/) open-access datasets. The
mRNA data on normal kidney was obtained from the
GTEX project, which included 28 normal kidney tissues.
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Besides, the ACE2 expression distribution across different
organs was explored. Assessment of TCGA three kidney
cohorts (KICH, KIRC, and KIRP) was enrolled to unveil
the disparities between normal healthy tissues and tumor
samples. Thereafter, we merged the mRNA data in TCGA
three kidney cohorts to one gene expression profile using
the batch normalization. Consequently, the RNA-seq
profiles (FPKM values) and phenotype data were
downloaded. According to previous studies, the gene
expression profile of severe acute respiratory syndrome
(GSE 1739) data was collected from the GEO dataset
which including 4 PBMC normal samples and SARS
patient blood samples [22]. We also downloaded the
Transcript data in the cancer cell line were downloaded
from the CCLE dataset. Moreover, disparities related to
race, age, gender, and smoking status in ACE2 gene
expression was examined.

Publicly available scRNA-seq datasets

The scRNA data of normal human kidney tissue was
obtained from the GEO (GSE 131685), which included
two males and a female population [23]. Exploration of
gender difference in ACE2 expression was assessed
through individual analysis on the scRNA dataset of
male and female populations. Cell types were
distinguished using Securat 3.1.4. After normalizing
the data by the LogNormalize method, the first 2000
most highly variable feature genes (HVGs) were used in
cell clustering analysis. Consequently, the cell types
with high ACE2 expression levels were identified based
on the scRNA-seq datasets. The cell scatter plot was
used by UMAP method.

Functional enrichment analysis

Herein, the determination of the overall pathway of
gene-set activity score for each sample in the GTEX
datasets was conducted through Gene Set Enrichment
Analysis (GSEA) [24] and Gene Set Variation Analysis
(GSVA) [25] of the normal kidney. Besides, gene sets
using the c2/c5 curated signatures were downloaded
from the Molecular Signature Database (MSigDB) of
Broad Institute. However, the GO/KEGG terms were
identified between highly ACE2 expressed and lowly
ACE2 expressed groups. Therefore, a significant
enrichment pathway was determined based on FDR <
0.05 where the common pathways in both datasets were
chosen.

Clinical data and data analysis

Through a retrospective case series study, 119 COVID-
19 patients admitted to the Second Hospital of WUHAN
iron and steel group corporation, Hubei Province from
10t February - 18th March 2020 were enrolled. Basic

clinical information, such as age, gender, and
comorbidities was collected from the enrolled COVID-
19 patients. Moreover, on admission, the patients'
laboratory test data such as estimated glomerular
filtration rate (eGFR), Blood Urea Nitrogen (BUN) and
Creatinine (Cr) were recorded.

The time-variation trend of kidney functions was
analyzed using the Generalized additive mixed model
(GAMM) on COVID-19 admitted patients [26].
However, the study protocol was approved by the
Ethics Committee of the Second Hospital of Wuhan
Iron and Steel group corporation, and the included
patients should ascent for their consent in advance.

Statistical analysis

Statistical significance was detected using Wilcox test for
comparisons between two groups and Kruskal-Wallis test
for more than two groups [18]. The correlation between
ACE2 and target gene was analyzed using Pearson
correlation analysis. The functional enrichment analysis
was conducted by GSEA and GSVA. Generalized
additive mixed model (GAMM) was used to evaluate the
time-variation trend of kidney functions among COVID-
19 admitted patients. All analysis was performed using R
software (R-project.org), R packages obtained through the
Bioconductor  project  (http://www.bioconductor.org/)
were applied for statistical analysis. All P values were set
as bilateral, and a P value <0.05 was regarded as
statistically significant.

Ethics approval

The ethical approval was authorized by the Wuhan
Wugang Hospital.

AUTHOR CONTRIBUTIONS

Conception and design: Jukun Song, Jianguo Zhu,
Weiming Chen; Collection and assembly of data: Jukun
Song, Wei Wang, Chi Chen; Data analysis and
interpretation: Chi Chen, Jukun Song; Manuscript
writing: Jukun Song; Jianguo Zhu, Weiming Chen; All
authors read and approved the final manuscript.

CONFLICTS OF INTEREST

The authors declare that they have no conflicts of interest.
FUNDING

The works was supported by Science and Technology
Fund of Guizhou Provincial Health Commission

(gzwjkj2019-1-130), the Science and Technology
Project of Guizhou Province in 2017([2017]5803), The

WWWw.aging-us.com 10830

AGING


http://www.bioconductor.org/

High-level innovative talent project of Guizhou
Province in 2018 ([2018]5639), The National Natural
Science Foundation of China (81873608), the Non-
profit Central Research Institute Fund of Chinese
Academy of Medical Sciences 2019PT320003.

Editorial Note

&This corresponding author has a verified history of
publications using the personal email address for
correspondence.

REFERENCES

1. Xu X, Chen P, Wang J, Feng J, Zhou H, Li X, Zhong W,
Hao P. Evolution of the novel coronavirus from the
ongoing Wuhan outbreak and modeling of its spike
protein for risk of human transmission. Sci China Life
Sci. 2020; 63:457-60.
https://doi.org/10.1007/s11427-020-1637-5
PMID:32009228

2. HuangC, Wang, Li X, Ren L, Zhao J, Hu Y, Zhang L, Fan
G, Xu J, Gu X, Cheng Z, Yu T, Xia J, et al. Clinical features
of patients infected with 2019 novel coronavirus in
Wuhan, China. Lancet. 2020; 395:497-506.
https://doi.org/10.1016/50140-6736(20)30183-5
PMID:31986264

3. Epidemiology Working Group for NCIP Epidemic
Response, Chinese Center for Disease Control and
Prevention. [The epidemiological characteristics of an
outbreak of 2019 novel coronavirus diseases (COVID-
19) in China). Zhonghua Liu Xing Bing Xue Za Zhi. 2020;
41:145-51.
https://doi.org/10.3760/cma.j.issn.0254-
6450.2020.02.003 PMID:32064853

4. Eurosurveillance Editorial Team. Note from the editors:
world health organization declares novel coronavirus
(2019-nCoV) sixth public health emergency of
international concern. Euro Surveill. 2020; 25:200131e.
https://doi.org/10.2807/1560-
7917.ES.2020.25.5.200131e PMID:32019636

5. Remuzzi A, Remuzzi G. COVID-19 and ltaly: what next?
Lancet. 2020; 395:1225-28.
https://doi.org/10.1016/50140-6736(20)30627-9
PMID:32178769

6. Parodi SM, Liu VX. From containment to mitigation of
COVID-19 in the US. JAMA. 2020; 323:1441-42.
https://doi.org/10.1001/jama.2020.3882
PMID:32167525

7. Hoffmann M, Kleine-Weber H, Schroeder S, Kriiger N,
Herrler T, Erichsen S, Schiergens TS, Herrler G, Wu NH,
Nitsche A, Muller MA, Drosten C, P6hlmann S. SARS-

10.

11.

12.

13.

14.

15.

CoV-2 cell entry depends on ACE2 and TMPRSS2 and is
blocked by a clinically proven protease inhibitor. Cell.
2020; 181:271-80.€8.
https://doi.org/10.1016/j.cell.2020.02.052
PMID:32142651

Kuba K, Imai Y, Rao S, Gao H, Guo F, Guan B, Huan Y,
Yang P, Zhang Y, Deng W, Bao L, Zhang B, Liu G, et al. A
crucial role of angiotensin converting enzyme 2 (ACE2)
in SARS coronavirus-induced lung injury. Nat Med.
2005; 11:875-79.

https://doi.org/10.1038/nm1267 PMID:16007097

Hamming |, Timens W, Bulthuis ML, Lely AT, Navis G,
van Goor H. Tissue distribution of ACE2 protein, the
functional receptor for SARS coronavirus. A first step in
understanding SARS pathogenesis. J Pathol. 2004;
203:631-37.

https://doi.org/10.1002/path.1570 PMID:15141377

Tian  HY. [2019-nCoV: new challenges from
coronavirus]. Zhonghua Yu Fang Yi Xue Za Zhi. 2020;
54:E001.

https://doi.org/10.3760/cma.j.issn.0253-
9624.2020.0001 PMID:32023682

Zhu N, Zhang D, Wang W, Li X, Yang B, Song J, Zhao X,
Huang B, Shi W, Lu R, Niu P, Zhan F, Ma X, et al, and
China Novel Coronavirus Investigating and Research
Team. A novel coronavirus from patients with
pneumonia in China, 2019. N Engl J Med. 2020;
382:727-33.

https://doi.org/10.1056/NEJM0a2001017
PMID:31978945

Zhou P, Yang XL, Wang XG, Ben Hu LZ, Zhang W, Si HR,
Zhu 'Y, Li B, Huang CL, Chen HD, Chen J, Luo Y, Guo H, et
al. Discovery of a novel coronavirus associated with the
recent pneumonia outbreak in humans and its potential
bat origin. bioRxiv. 2020. [Epub ahead of print].
https://doi.org/10.1101/2020.01.22.914952

Kannan S, Shaik Syed Ali P, Sheeza A, Hemalatha K.
COVID-19 (novel coronavirus 2019) - recent trends. Eur
Rev Med Pharmacol Sci. 2020; 24:2006-11.
https://doi.org/10.26355/eurrev_202002 20378
PMID:32141569

Zhou P, Yang XL, Wang XG, Hu B, Zhang L, Zhang W, Si
HR, Zhu Y, Li B, Huang CL, Chen HD, Chen J, Luo Y, etal. A
pneumonia outbreak associated with a new coronavirus
of probable bat origin. Nature. 2020; 579:270-73.
https://doi.org/10.1038/s41586-020-2012-7
PMID:32015507

Hofmann H, Geier M, Marzi A, Krumbiegel M, Peipp M,
Fey GH, Gramberg T, Pohlmann S. Susceptibility to
SARS coronavirus S protein-driven infection correlates
with expression of angiotensin converting enzyme 2
and infection can be blocked by soluble receptor.

WWWw.aging-us.com 10831

AGING


https://doi.org/10.1007/s11427-020-1637-5
https://pubmed.ncbi.nlm.nih.gov/32009228
https://doi.org/10.1016/S0140-6736(20)30183-5
https://pubmed.ncbi.nlm.nih.gov/31986264
https://doi.org/10.3760/cma.j.issn.0254-6450.2020.02.003
https://doi.org/10.3760/cma.j.issn.0254-6450.2020.02.003
https://pubmed.ncbi.nlm.nih.gov/32064853
https://doi.org/10.2807/1560-7917.ES.2020.25.5.200131e
https://doi.org/10.2807/1560-7917.ES.2020.25.5.200131e
https://pubmed.ncbi.nlm.nih.gov/32019636
https://doi.org/10.1016/S0140-6736(20)30627-9
https://pubmed.ncbi.nlm.nih.gov/32178769
https://doi.org/10.1001/jama.2020.3882
https://pubmed.ncbi.nlm.nih.gov/32167525
https://doi.org/10.1016/j.cell.2020.02.052
https://pubmed.ncbi.nlm.nih.gov/32142651
https://doi.org/10.1038/nm1267
https://pubmed.ncbi.nlm.nih.gov/16007097
https://doi.org/10.1002/path.1570
https://pubmed.ncbi.nlm.nih.gov/15141377
https://doi.org/10.3760/cma.j.issn.0253-9624.2020.0001
https://doi.org/10.3760/cma.j.issn.0253-9624.2020.0001
https://pubmed.ncbi.nlm.nih.gov/32023682
https://doi.org/10.1056/NEJMoa2001017
https://pubmed.ncbi.nlm.nih.gov/31978945
https://doi.org/10.1101/2020.01.22.914952
https://doi.org/10.26355/eurrev_202002_20378
https://pubmed.ncbi.nlm.nih.gov/32141569
https://doi.org/10.1038/s41586-020-2012-7
https://pubmed.ncbi.nlm.nih.gov/32015507

16.

17.

18.

19.

20.

21.

22.

23.

24,

Biochem Biophys Res Commun. 2004; 319:1216-21.
https://doi.org/10.1016/j.bbrc.2004.05.114
PMID:15194496

Peng YD, Meng K, Guan HQ, Leng L, Zhu RR, Wang BY,
He MA, Cheng LX, Huang K, Zeng QT. [Clinical
characteristics and outcomes of 112 cardiovascular
disease patients infected by 2019-nCoV]. Zhonghua Xin
Xue Guan Bing Za Zhi. 2020; 48:450-55.
https://doi.org/10.3760/cma.j.cn112148-20200220-
00105 PMID:32120458

Yang F, Liu N, Wu JY, Hu LL, Su GS, Zheng NS. [Pulmonary
rehabilitation guidelines in the principle of 4S for
patients infected with 2019 novel coronavirus (2019-
nCoV)]. Zhonghua Jie He He Hu Xi Za Zhi. 2020; 43:E004.
https://doi.org/10.3760/cma.j.issn.1001-
0939.2020.0004 PMID:32023687

Coronaviridae Study Group of the International
Committee on Taxonomy of V. The species Severe
acute respiratory syndrome-related coronavirus:
classifying 2019-nCoV and naming it SARS-CoV-2. Nat
Microbiol. 2020; 5:536—44.
https://doi.org/10.1038/s41564-020-0695-z

Wysocki J, Schulze A, Batlle D. Novel variants of
angiotensin converting enzyme-2 of shorter molecular
size to target the kidney renin angiotensin system.
Biomolecules. 2019; 9:886.
https://doi.org/10.3390/biom9120886 PMID:31861139

Anguiano L, Riera M, Pascual J, Soler MJ. Circulating
ACE2 in cardiovascular and kidney diseases. Curr Med
Chem. 2017; 24:3231-41.
https://doi.org/10.2174/092986732466617041416284
1 PMID:28413960

Naicker S, Yang CW, Hwang SJ, Liu BC, Chen JH, Jha V.
The novel coronavirus 2019 epidemic and kidneys.
Kidney Int. 2020; 97:824-28.
https://doi.org/10.1016/j.kint.2020.03.001
PMID:32204907

Reghunathan R, Jayapal M, Hsu LY, Chng HH, Tai D,
Leung BP, Melendez Al. Expression profile of immune
response genes in patients with severe acute
respiratory syndrome. BMC Immunol. 2005; 6:2.
https://doi.org/10.1186/1471-2172-6-2
PMID:15655079

Liao J, Yu Z, Chen Y, Bao M, Zou C, Zhang H, Liu D, Li T,
Zhang Q, Li J, Cheng J, Mo Z. Single-cell RNA
sequencing of human kidney. Sci Data. 2020; 7:4.
https://doi.org/10.1038/s41597-019-0351-8

Barber DL, Wherry EJ, Masopust D, Zhu B, Allison JP,
Sharpe AH, Freeman GJ, Ahmed R. Restoring function
in exhausted CD8 T cells during chronic viral infection.
Nature. 2006; 439:682-87.

https://doi.org/10.1038/nature04444 PMID:16382236

25.

26.

27.

28.

29.

30.

31.

32.

33.

Hanzelmann S, Castelo R, Guinney J. GSVA: gene set
variation analysis for microarray and RNA-seq data.
BMC Bioinformatics. 2013; 14:7.
https://doi.org/10.1186/1471-2105-14-7
PMID:23323831

Ingersoll T, Cole S, Madren-Whalley J, Booker L, Dorsey
R, Li A, Salem H. Generalized additive mixed-models for
pharmacology using integrated discrete multiple organ
co-culture. PLoS One. 2016; 11:e0152985.
https://doi.org/10.1371/journal.pone.0152985
PMID:27110941

Leek JT, Storey JD. Capturing heterogeneity in gene
expression studies by surrogate variable analysis. PLoS
Genet. 2007; 3:el161.
https://doi.org/10.1371/journal.pgen.0030161
PMID:17907809

Liang W, Guan W, Chen R, Wang W, Li J, Xu K, Li C, Ai
Q, Lu W, Liang H, Li S, He J. Cancer patients in SARS-
CoV-2 infection: a nationwide analysis in China. Lancet
Oncol. 2020; 21:335-37.
https://doi.org/10.1016/51470-2045(20)30096-6
PMID:32066541

Wang L, Li X, Chen H, Yan S, Li D, Li Y, Gong Z.
Coronavirus disease 19 infection does not result in
acute kidney injury: an analysis of 116 hospitalized
patients from Wuhan, China. Am J Nephrol. 2020;
51:343-48.

https://doi.org/10.1159/000507471 PMID:32229732

de Wit E, van Doremalen N, Falzarano D, Munster VJ.
SARS and MERS: recent insights into emerging
coronaviruses. Nat Rev Microbiol. 2016; 14:523-34.
https://doi.org/10.1038/nrmicro.2016.81
PMID:27344959

Eckerle I, Miller MA, Kallies S, Gotthardt DN, Drosten
C. In-vitro renal epithelial cell infection reveals a viral
kidney tropism as a potential mechanism for acute
renal failure during Middle East respiratory syndrome
(MERS) coronavirus infection. Virol J. 2013; 10:359.
https://doi.org/10.1186/1743-422X-10-359
PMID:24364985

Cheng Y, Luo R, Wang K, Zhang M, Wang Z, Dong L, Li J,
Yao Y, Ge S, Xu G. Kidney disease is associated with in-
hospital death of patients with COVID-19. Kidney Int.
2020; 97:829-38.
https://doi.org/10.1016/j.kint.2020.03.005
PMID:32247631

Guan WJ, Ni ZY, Hu Y, Liang WH, Ou CQ, He JX, Liu L,
Shan H, Lei CL, Hui DS, Du B, Li LJ, Zeng G, et al, and
China Medical Treatment Expert Group for Covid-19.
Clinical characteristics of coronavirus disease 2019 in
China. N Engl J Med. 2020; 382:1708-20.
https://doi.org/10.1056/NEJM0a2002032
PMID:32109013

WWWw.aging-us.com

10832

AGING


https://doi.org/10.1016/j.bbrc.2004.05.114
https://pubmed.ncbi.nlm.nih.gov/15194496
https://doi.org/10.3760/cma.j.cn112148-20200220-00105
https://doi.org/10.3760/cma.j.cn112148-20200220-00105
https://pubmed.ncbi.nlm.nih.gov/32120458
https://doi.org/10.3760/cma.j.issn.1001-0939.2020.0004
https://doi.org/10.3760/cma.j.issn.1001-0939.2020.0004
https://pubmed.ncbi.nlm.nih.gov/32023687
https://doi.org/10.1038/s41564-020-0695-z
https://doi.org/10.3390/biom9120886
https://pubmed.ncbi.nlm.nih.gov/31861139
https://doi.org/10.2174/0929867324666170414162841
https://doi.org/10.2174/0929867324666170414162841
https://pubmed.ncbi.nlm.nih.gov/28413960
https://doi.org/10.1016/j.kint.2020.03.001
https://pubmed.ncbi.nlm.nih.gov/32204907
https://doi.org/10.1186/1471-2172-6-2
https://pubmed.ncbi.nlm.nih.gov/15655079
https://doi.org/10.1038/s41597-019-0351-8
https://doi.org/10.1038/nature04444
https://pubmed.ncbi.nlm.nih.gov/16382236/
https://doi.org/10.1186/1471-2105-14-7
https://pubmed.ncbi.nlm.nih.gov/23323831
https://doi.org/10.1371/journal.pone.0152985
https://pubmed.ncbi.nlm.nih.gov/27110941
https://doi.org/10.1371/journal.pgen.0030161
https://pubmed.ncbi.nlm.nih.gov/17907809
https://doi.org/10.1016/S1470-2045(20)30096-6
https://pubmed.ncbi.nlm.nih.gov/32066541
https://doi.org/10.1159/000507471
https://pubmed.ncbi.nlm.nih.gov/32229732
https://doi.org/10.1038/nrmicro.2016.81
https://pubmed.ncbi.nlm.nih.gov/27344959
https://doi.org/10.1186/1743-422X-10-359
https://pubmed.ncbi.nlm.nih.gov/24364985
https://doi.org/10.1016/j.kint.2020.03.005
https://pubmed.ncbi.nlm.nih.gov/32247631/
https://doi.org/10.1056/NEJMoa2002032
https://pubmed.ncbi.nlm.nih.gov/32109013

