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Abstract

Glucocorticoids are important steroid hormones. As an outstanding scientific discovery, the scientist
who discovered glucocorticoids was awarded the Nobel Prize in Physiology and Medicine in 1950.
Cortisone (hydrocortisone) is a natural glucocorticoid, which is secreted with circadian rhythm by the
cortical cells of adrenal glands. Physiologically, about 10-20 mg of hydrocortisone are secreted each day
for maintaining homeostasis. Since the biological half-life of natural glucocorticoid is short, scientists
developed various synthetic glucocorticoids including prednisone, prednisolone, methylprednisolone,
triamcinolone, dexamethasone, betamethasone, and so on. These synthetic glucocorticoids are
generated by modifying some structures based on the cortisone backbone, leading to extension of their
biological half-life with stronger activities. In the face of severe infection, allergy, shock, trauma, pain, and
other stresses, the demand for glucocorticoids increases dramatically. It is critical to supplement extra
glucocorticoids to protect the biological functions of vital organs. However, the amount and duration of
glucocorticoid administration need to be carefully adjusted, because a series of side effects may occur
after long-term or high-dose usage of glucocorticoids. This review article will discuss the application of
glucocorticoids in the treatment of patients with severe or critical COVID-19 and solid tumors of
advanced stage. The controversy of using glucocorticoid in medical community will also be discussed.
This review article will help doctors and basic researchers better understand the practical application of
glucocorticoids.
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Classification of glucocorticoids

The discovery of glucocorticoid (cortisone) was
awarded the Nobel Prize in Physiology and Medicine
in 1950. Glucocorticoids are stress response hormones
that bind to glucocorticoid receptor, and play critical
roles in various physiological processes such as
metabolic homeostasis, cognition, cell proliferation,
reproduction, and inflammation. Glucocorticoid
receptor (GR) belongs to the steroid-thyroid-retinoic
acid nuclear receptor superfamily. In the absence of
glucocorticoid binding, GR resides in the cytoplasm
inactively binds to heat-shock proteins, FKBP51 and
FKBP52. Upon glucocorticoid binding, GR undergoes
conformational changes, dissociates from the
chaperone proteins, and translocate into the nucleus,
where it binds to promoter DNA of target genes,

resulting in stimulation or suppression of the
transcription ~ of  response  genes.  Natural
glucocorticoids, namely cortisone or hydrocortisone,
are cholesterol-derived hormones secreted by the
adrenal glands and are named after their roles in
maintaining glucose homeostasis. The release of
glucocorticoids into blood circulation has systemic
roles in immune response, metabolism, cell growth,
development, and reproduction. Owing to their
anti-inflammatory and immune-suppressive actions,
glucocorticoids are among the most commonly
prescribed drugs. Some autoimmune, inflammatory,
and allergic disorders, including rheumatoid arthritis,
lupus erythematosus, inflammatory bowel disease,
transplant rejection and asthma are often treated with
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glucocorticoids [1, 2]. Therefore, glucocorticoids are
considered as a standard treatment in the
above-mentioned diseases. Physiologically, an adult
secretes 10-20 mg of glucocorticoids per day with
circadian rhythms. The peak secretion is in the 6:00 to
8:00 a.m. The secretion of glucocorticoids are
regulated by hypothalamic corticotropin, and secreted
by adrenal cortex. In the face of stress, such as
infections, trauma or surgery, the serum cortisol level
could be increased to up to 150-200 mg. Since the
cortisol was first synthesized in 1948, studies have
been carried out with the aim of synthesizing steroids
with a specific anti-inflammatory action [3].
Pharmacological dose of glucocorticoids plays roles
on anti-inflammation, anti-allergy, anti-shock, and
immunosuppression. The medication of
glucocorticoids should be given in accordance with
the circadian rhythm in the early morning. Regarding
the effect of anti-inflammation, glucocorticoids can
quickly inhibit transcription of inflammatory
cytokines, including IL-2, IL-3, IL-4, IL-5, IL-6, TNFaq,
GM-CSF, CCL1, CCL5, CCL11, and CXCLS et al.[4].
Although glucocorticoids have different names,
they have similar biological effects. The commonly
used glucocorticoids are prednisone, prednisolone,
triamcinolone, methylprednisolone, dexamethasone,
and others. They are modified in the chemical
structures of the cortisone (hydrocortisone) backbone
in order to enhance their anti-inflammatory effects.
The chemical modifications include introduction of
6o-fluoro substitution, and reducing the binding to
the mineralocorticoid receptor by insertion of a C=C
double bond at C1, C2, or replacing a lipophilic
substituent such as 21a-esters attached to the D-ring
for increasing binding to glucocorticoid receptors [5]
(Fig.1A). According to their duration of action,
glucocorticoids are divided into short-acting,
mid-acting, and long-acting drugs. The biological
half-life of cortisone (hydrocortisone) is 8-12h, that of
prednisone, prednisolone, methylprednisolone, and
triamcinolone is 12-36h, and the biological half-life of
dexamethasone and betamethasone is 36-54h (Table
1)[6-8]. The administration routes of glucocorticoids
include external use, inhalation, oral and injection.
Glucocorticoids and GR have been an important
area of research because of their pleiotropic
physiological functions and extensive use in clinics. A
number of genes are regulated by glucocorticoids
(Fig. 1B). Recently, Pemmari and colleagues examined
the global gene expression profiles of chondrocytes
that were treated with dexamethasone for 24h by
RNA-Seq. They found that dexamethasone affected
lipid and glucose metabolism-related genes in
addition to their anti-inflammatory, anticatabolic, and
extracellular matrix-targeting effects [9]. In human,

many inflammatory genes are downstream genes of
glucocorticoids. ~ Escoter-Torres  and  Grbesa
systematically summarized target genes based on
glucocorticoid-GR binding. The broad physiological
effects of glucocorticoid on the nervous (behavior,
anxiety, visual), cardiovascular, immune, respiratory,
reproductive, and musculoskeletal systems as well as
on metabolism have been introduced [10]. The well
understanding of these genes will be helpful for
proper usage of glucocorticoids [11].

Double-edged sword concerns about
glucocorticoids

Glucocorticoids are one of those medications
that are regularly prescribed in both inpatient and
outpatient departments. Their anti-inflammatory
activity is generally used in treating various
conditions, such as allergy, asthma, arthritis,
inflammatory bowel disease, and cancer metastasis or
exacerbation. However, they have numerous side
effects, such as fluid retention, weight gain, and
hyperglycemia, et al. With the long-term usage of
glucocorticoids, especially long-term high-dose
applications, a series of adverse events would appear.
These adverse events include osteoporosis,
hyperglycemia, insulin resistance, hypertension,
muscle atrophy, severe infection, Cushing-like
syndrome, peptic ulcers, and mneuropsychiatric
disorders. Actually, it is a real practical skill of a
doctor to be able to properly use glucocorticoids.
Cortisone (hydrocortisone) is physiologically similar
to the internal hormone, and mainly used in the
alternative treatment of adrenal insufficiency and
other endocrine diseases. Considering the stronger
anti-inflammatory effect and longer biological
half-life, prednisolone, or methylprednisolone are
mainly used in the treatment of rheumatoid
immunologic diseases. Prednisone must be converted
into prednisolone in liver, therefore, prednisolone
should be chosen to avoid low treatment efficacy if
patients have abnormal liver function. In critical
conditions, such as sepsis, severe asthma, severe drug
rashes, and acute nephritis, high doses of
glucocorticoids are used intravenously.
Glucocorticoids could not be used as simple
antipyretic analgesic drugs. Glucocorticoids should be
given locally when patients present with local
inflammation, i.e., intra-joint injection is used for the
treatment of arthritis, inhalation for asthma, and local
application for dermatitis. The anti-inflammatory
activities of classical glucocorticoids are useful for
short-term use in most patients, but their chronic and
systemic use usually causes side effects, and results in
reducing sensitivity. The adverse effects of
glucocorticoids are usually associated with high dose
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and long duration usage. Mazzantini and coworkers
found that the treatment with 10 mg/d prednisone or
equivalent for more than 3 months leads to a 7-fold
increase in hip fractures and a 17-fold increase in
vertebral fractures. Glucocorticoids are the most
common cause of secondary osteoporosis, so-called
glucocorticoid-induced osteoporosis [12]. In addition,
high dosage of glucocorticoids is immunosuppressive
and can increase the risk of fatal infection. Therefore,
giving optimal dosage of glucocorticoids at the right
time is vital to control homeostasis, and avoid
detrimental immunosuppression [13].

Glucocorticoids and COVID-19 therapy

In the early stages of the outbreak of COVID-19
in Wuhan, China, glucocorticoids were used
cautiously. On 12 January 2020, the World Health
Organization (WHO) issued the provisional
guidelines for the treatment of severe acute
respiratory infections suspected of 2019-nCoV, which

stated that the use of glucocorticoids is not
recommended unless there are other signs of the need
for hormonal use (https:/ /www.who.int/
publications/i/item/10665-332299). On 7 February
2020, the Lancet published a review article online
entitled "Clinical evidence does not support
corticosteroid  treatment for 2019-nCoV lung
injury"[14], but four days later, the Lancet published
another article online from Chinese front-line medical
team in Wuhan entitled “On the use of corticosteroids
for 2019-nCoV pneumonia”[15]. Obviously, the use of
glucocorticoids in the treatment of critical COVID-19
cases at the early stage of pandemic is controversial.
According to the ongoing theory, glucocorticoids are
the most important regulatory hormones in stress
response. When a patient is faced with a serious stress
like COVID-19, it is difficult for doctors to avoid using
glucocorticoids [16]. Therefore, doctors in various
countries initiated a number of clinical trials to assess
the efficacy of glucocorticoids [17-23]. On 23 January

A Hydrocortisone H Cortisone Prednisone
o'
B

Regulation  Gene function Differential gene

Respiratory Up COVID-19-binding receptor ACE2

system Down Inflammatory in COVID-19 L6

Osteoarticular Up Inflammation and oxidative stress KLF9, MKP-1, MKP-2, TLR2, FOX03

system Up Regulation of osteoblast function GPM6B
Up Cartilage development ZBTB16
Down Inflammation and oxidative stress TNFSF15, CCL2, FGFR3, COX-2, IL6, IL11
Down Pain NGF

Liver Up Regulation of gluconeogenesis  G6PC, PC, HNF4A, KLF15, FOXO1
Down PCK1

Nervous system Up Alzheimer'’s disease-amyloid PRKCH, MAPK13, PCSK7

secretase pathway

Down PCSK6, APP, MAPKAPK3

Stress reaction Up Activate stress responses PPG

Cancer Down Tumor growth IL6, VEGF

Inflammatory Down Inflammatory IL-2, IL-5, IL-6, TNFa, GM-CSF, CCL1

Immune system Up Regulation of systemic lupus CD28,CD40LG
Down erythematosus HLA-DQA1, FCGR3A, C2, CD86

Fig. 1. Introduction of glucocorticoids. A. The chemical structure of common glucocorticoids. B. The genes regulated by glucocorticoids in respiratory system,

osteoarticular system, liver, nervous system, stress reaction, cancers, inflammation, Alzheimer disease and systemic lupus erythematosus, et al.
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2020, the National Health Commission of PRC issued
the Chinese Recommendations for Diagnosis and
Treatment of Severe  Novel  Coronavirus
(SARS-CoV-2) Infection (Trial version), which
proposed that the use of glucocorticoids is allowed if
appropriate (http://www.nhc.gov.cn/yzygj/s7653p
/202001 /9fbefc9abfe747e98eabbaeedfb68158.shtml).

The results of clinical trials on the benefits of using
glucocorticoids in the treatment of patients with
COVID-19 were gradually published in mid-2020. The
most famous clinical trial result of Randomised
Evaluation of COVID-19 Therapy (RECOVERY) was
published in the N Engl ] Med by doctors of the
United Kingdom [24, 25]. They found that using
dexamethasone (6 mg/day, once daily for up to 10
days) reduced the number of deaths in ventilated
patients by one-third, and in patients receiving
oxygen therapy without mechanical ventilation, the
deaths were reduced by one-fifth in adults patients
with COVID-19. However, there was no benefit (and
the possibility of harm) in patients who did not
require oxygen therapy [24]. Simultaneously, our
research team published a research result entitled
“Glucocorticoids improve severe or critical COVID-19
through activating ACE2 and reducing IL-6 levels”
[26]. This research demonstrated that low-dose of
methylprednisolone (40 mg/d if body weight < 80 kg
for the first 3-4 days, and then 20 mg/d for the next 3
days or more with a total of less than 8 days)

improved the clinical tests and chest CT images in 7
out of 9 patients of severe or critical COVID-19. We
focused on the molecular target angiotensin-
converting enzyme 2 (ACE2) of SARS-CoV-2 and
screened a group of ACE2 agonists by bioinformatics.
Glucocorticoids are a type of ACE2 activator. We
further verified the efficacy of nine chemicals on
regulating ACE2 expression in human GES-1, an
upper digestive tract epithelial cell line, and THP-1, a
human monocyte cell line, and found that several
glucocorticoids possessed activating effects on ACE2
in both cell lines. Our group also compared the
efficacies of several glucocorticoids. Hydrocortisone
showed the strongest effect on ACE2 activation,
followed by prednisolone, and methylprednisolone
[26]. Given their powerful anti-inflammatory and
immunomodulatory effects, glucocorticoids are an
obvious potential therapy for acute lung injury in
severe COVID-19[27]. Along with the efficacy in
treating the acute lung injury / acute respiratory
distress syndrome (ARDS), glucocorticoids have been
proposed as a life-saving drug for treating
COVID-19[25, 28]. On 2 September 2020, the standard
treatment for severe or critical patients with
COVID-19 was recommended by the WHO guideline
(https:/ /www.who.int/publications/i/item/WHO-2
019-nCoV-Corticosteroids-2020.1) (Fig. 2). However,
the limitation of RECOVERY study is that the side
effects of glucocorticoids are not adequately assessed.
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Fig. 2. The flowchart of changed insights for glucocorticoids used in the treatment of severe COVID-19 since the pandemic.
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Thereafter, the efficacy of glucocorticoids in the
treatment of COVID-19 has been reported by different
groups from different countries [29-31]. Keller et al.
reported that glucocorticoids could significantly
reduce the risk of mortality or mechanical ventilation
(odds ratio, 0.23; 95% ClI, 0.08-0.70) if the initial level
of C-reactive protein (CRP) is >/=20 mg/dL
However, using glucocorticoids would increase the
risk of mortality or mechanical ventilation (OR, 2.64;
95% CI, 1.39-5.03) if the CRP level is less than 10
mg/dl [32]. On 5 January, 2021, Chinese researchers
proposed the use of glucocorticoids for COVID-19
treatment. They used the ratio of neutrophils to
lymphocytes (NLR) as an evaluation index to
determine the clinical efficacy of glucocorticoids. They
analyzed 12,862 COVID-19 cases from 21 hospitals in
Hubei Province, and found that NLR > 6.11 at
admission is a risk factor for mortality. However,
glucocorticoids treatment in such individuals is
associated with a low 60-day all-cause mortality.
Conversely, in individuals with an NLR </= 6.11 or
with type 2 diabetes, glucocorticoids treatment was
not associated with reduced mortality, but rather
increased risks of hyperglycemia and infections[33].
Recently, Liu and coworkers proposed that
administration of glucocorticoids in severe COVID-19
is associated with increased 28-day mortality and
delayed SARS-CoV-2 coronavirus RNA clearance
[34]. However, Ji et al. reported that glucocorticoid
therapy does not delay viral clearance in COVID-19
patients [35]. To analyze the effect of glucocorticoids
on patients with severe pneumonia, Liu and
colleagues found that there was no significant
difference between patients using low dose (</= 2
mg/kg day) and high dose (> 2 mg/kg day)
methylprednisolone in inhibiting IL-6 production.
There was no significant difference in virus clearance
between patients with and without
methylprednisolone use [36]. Ai and coworkers
proposed that glucocorticoids could be used in severe
or critical illness. According to the experience of
treating COVID-19 patients in Shanghai, the dose of
methylprednisolone was 40-80 mg/day for 3 days,
and then reduced to 20 mg/day, with a total
treatment period of less than 7 days. The side effects
are minimum with this dose regimen [37].

Glucocorticoids and treatment of solid
tumors

Glucocorticoids have been used in clinical
oncology for over half a century for alleviating side
effects induced by chemotherapy or radiotherapy. As
a supportive therapy, glucocorticoids are frequently
used for increasing appetite, reducing weight loss,
eliminating fatigue, and preventing vomiting [38].

Glucocorticoids are also effective in alleviating pain
associated with bone metastasis by inhibiting the
synthesis and release of prostaglandins in advanced
cancer patients [39]. However, a meta-analysis
disclosed that the use of glucocorticoids should be
avoided in patients with advanced cancers, because it
may reduce survival of patients with lung cancer as
palliative/supportive care purpose [40].

Currently, immune checkpoint inhibitor (ICPI)
therapy used in cancer treatment exerts its effect by
blocking the actions of cytotoxic T-lymphocyte-
associated protein 4 (CTLA-4) and programmed cell
death protein 1 (PD-1). ICPIs can enhance antitumor
immunity by blocking negative regulators of T-cell
function that exist on both immune cells and tumor
cells. Although these agents can lead to remarkable
responses, they are also associated with
immune-related adverse effects (irAEs). Friedman
and colleagues proposed that PD-1 inhibitors such as
nivolumab and pembrolizumab have a lower
incidence of irAEs compared with those that block
CTLA-4 such as ipilimumab. The combination of
nivolumab and ipilimumab has a higher rate of irAEs
than either approach as monotherapy. The most
common irAEs include rash, colitis, hepatitis,
endocrinopathies, and pneumonitis. The treatment of
irAEs requires immunosuppression with
glucocorticoids [41], because ICPI results in an
increase of effector T cells, that respond to
self-antigen, and lead to autoimmunity. The degree of
autoimmune effect may be correlated with tumor
response to immunotherapy. ICPI could enhance the
anti-tumor effects of T-cells, but also enhance the
immune response to normal tissues [42]. On October
2015, Horvat and colleagues reported their clinical
findings in patients with melanoma who had received
ipilimumab treatment at the standard dose of 3
mg/kg, and observed irAEs. Of the 298 patients, 254
(85%) experienced irAEs of any grade, and 56 (19%)
discontinued therapy because of irAEs, most
commonly diarrhea. A total of 103 (35%) patients
received treatment with systemic glucocorticoids.
They suggested that irAEs are common in patients
treated with ipilimumab. Based on their experience,
approximately one-third of ipilimumab-treated
patients  required treatment with  systemic
glucocorticoids [43]. Arbour and coworkers reported
that there were 90(14%) of 640 patients of
non-small-cell lung cancer treated with single-agent
PD-(L) 1 blockade who also received glucocorticoids
of >/= 10 mg of prednisone equivalent daily at the
start of the PD-(L)1 blockade therapy. The common
indications for corticosteroids were dyspnea (33%),
fatigue (21%), and brain metastases. They suggested
that the baseline use of glucocorticoids >/= 10 mg of
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prednisone or equivalent was associated with poor
outcome in patients with non-small-cell lung cancer
who were treated with PD-(L)1 blockade. Prudent use
of glucocorticoids at the time of initiating PD-(L)1
blockade is recommended [44].

The two-sided sword concerns of using
glucocorticoids also existed in cancer treatment.
Taking the widely used dexamethasone as an
example, this drug belongs to the long-acting
glucocorticoid, which has stronger anti-inflammatory,
anti-allergic and anti-toxic effects than prednisone
(mid-acting glucocorticoid). Thus, dexamethasone is
only suitable for short-term usage. The long-term
application of dexamethasone can lead to iatrogenic
adrenal insufficiency [45]. In addition, if malignant
tumor cells overexpressed glucocorticoid receptor,
using glucocorticoids should be careful, because
overexpression of glucocorticoid receptor may
promote the proliferation of malignant cancer cells
[46, 47]. Theoretically, the effects of glucocorticoids
are mediated by the ubiquitously expressed glucocor-
ticoid receptor, an intracellular ligand-activated
transcription factor. Upon glucocorticoid binding, the
glucocorticoid receptor becomes hyperphospho-
rylated. = The  hyperphosphorylated  receptor
subsequently migrates to the nucleus, where the
glucocorticoid receptor can bind to DNA directly to
regulate transcription of target genes [48]. Tian and
colleagues analyzed the effects of expression of
glucocorticoid receptor on colorectal carcinoma cell
lines HT29 (primary cell line) and T84 (metastatic cell
line). They found that the expression of glucocorticoid
receptor were significantly upregulated in nucleus of
metastatic T84 cells. Dexamethasone treatment caused
increased proliferation and invasion in T84 cell,
compared to HT29 cell through activating CDK1
expression. Depletion of glucocorticoid receptor
suppressed proliferation of metastatic colon
carcinoma cells. Depletion of CDK1 also suppressed
the proliferation and invasion of T84 cells. This study
suggests that glucocorticoid- glucocorticoid receptor
-CDK1 pathway induces proliferation and invasion of
colon cancer cells [49].

On the other hand, some studies found that
glucocorticoids could suppress cancer proliferation
through activating glucocorticoid receptor [50, 51].
For example, Yao and coworkers recently
demonstrated that dexamethasone inhibits pancreatic
tumor growth in preclinical models. They examined
the expression of glucocorticoid receptor of two
pancreatic cancer cell lines, PANC-1 and SW1990, and
found that abundant expression of glucocorticoid
receptor in PANC-1cells. Dexamethasone treatment
significantly inhibited colony formation, migration,
and tumor growth of PANC-1 cells. The underlying

mechanisms involved in suppression of phosphoryl-
ation of nuclear factor kB and downregulation of
epithelial-to-mesenchymal transition, interleukin 6
and vascular endothelial growth factor. Their findings
suggest that dexamethasone effectively inhibits
pancreatic tumor growth partially through activation
of glucocorticoid receptor. The potential correlation
between glucocorticoid receptor expression and
anti-cancer efficacy of dexamethasone provided a new
direction for developing target therapy [52].

In conclusions, glucocorticoids are important
hormones in response to internal or environmental
stresses. However, chronic glucocorticoid use can
result in detrimental side effects, including
osteoporosis, hyperglycemia, diabetes mellitus,
obesity, cardiovascular diseases and depression.
Therefore, attention should be given on the dual roles
of glucocorticoids. In patients with severe or critical
COVID-19, glucocorticoids are ideally administered
for short-term use for their classical anti-inflammatory
activities. Chronic and systemic use of glucocorticoids
should be avoided, because they can profoundly
affect bone cell function and mineral metabolism, and
lead to osteoporosis [53]. Clinically, glucocorticoids
may improve some symptoms, quality of life of
patients with advanced cancer. However, the
long-term glucocorticoid therapy in cancers is
associated with adverse effects.

Table 1. Comparison of anti-inflammatory function, equivalent
doses, plasma half-life and acting duration of several
glucocorticoids

Category Drug Effect of Equivalen Plasma Duratio

anti-inflammation t half-lif n of

(ratio)* dose(mg)* e (min.) action(h)
Short-act Hydrocortisone 1 20 90 8-12
ing Cortisone 0.8 25 30 8-12
Mid-acti Prednisone 3.5 5 60 12-36
ng Prednisolone 4.0 5 200 12-36
Methylprednisolone 5.0 4 180 12-36
Triamcinolone 5.0 4 >200 12-36
Long-act Dexamethasone 30 0.75 100-300 36-54
ing Betamethasone 25-35 0.6 100-300 36-54

* The ratio of anti-inflammatory effects is measured by the reference of
hydrogenation as 1. The equivalent dose is based on the hydrogenated as reference.
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