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Abstract Multiple organ damage in severe acute respi-
ratory syndrome (SARS) patients is common; however, the
pathogenesis remains controversial. This study was to
determine whether the damage was correlated with
expression of the SARS coronavirus receptor, angiotensin
converting enzyme 2 (ACE2), in different organs, espe-
cially in the endocrine tissues of the pancreas, and to
elucidate the pathogenesis of glucose intolerance in SARS
patients. The effect of clinical variables on survival was
estimated in 135 SARS patients who died, 385 hospitalized
SARS patients who survived, and 19 patients with non-
SARS pneumonia. A total of 39 SARS patients who had no
previous diabetes and received no steroid treatment were
compared to 39 matched healthy siblings during a 3-year
follow-up period. The pattern of SARS coronavirus
receptor-ACE2 proteins in different human organs was also
studied. Significant elevations in oxygen saturation, serum
creatinine, lactate dehydrogenase, creatine kinase MB
isoenzyme, and fasting plasma glucose (FPG), but not in
alanine transaminase were predictors for death. Abundant
ACE2 immunostaining was found in lung, kidney, heart,
and islets of pancreas, but not in hepatocytes. Twenty of
the 39 followed-up patients were diabetic during hospital-
ization. After 3 years, only two of these patients had
diabetes. Compared with their non-SARS siblings, these
patients exhibited no significant differences in FPG, post-
prandial glucose (PPG), and insulin levels. The organ
involvements of SARS correlated with organ expression of
ACE2. The localization of ACE2 expression in the endo-
crine part of the pancreas suggests that SARS coronavirus
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enters islets using ACE2 as its receptor and damages islets
causing acute diabetes.
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Introduction
Background

In March 2003, the World Health Organization issued a
global alert because a case of atypical pneumonia of
unknown cause [subsequently defined as severe acute
respiratory syndrome (SARS)] was reported. In the journal
Diabetic Medicine in 2006, we reported that ambient
hyperglycemia was an independent predictor for mortality
and morbidity in SARS patients. Although hyperglycemia
was a predictor for mortality in both diabetic and non-dia-
betic patients with acute illnesses, its association with
SARS looked quite different. Even patients with mild SARS
who did not use any glucocorticoid medications during the
disease course had a higher level of FPG on the first day of
hospitalization than those who were initially suspected of
having SARS but later diagnosed with non-SARS pneu-
monia [1]. Acute damage to pancreatic f-cells by
coronavirus may occur during systemic illness. However,
experimental studies are needed to test this hypothesis.
Angiotensin-converting enzyme 2 (ACE2) is the only
recognized human homologue of ACE (the key regulator of
blood pressure) and has approximately 42% identical pro-
tein sequences. Since its discovery in 2000 [2, 3], ACE2
has been implicated in heart function, hypertension, and
diabetes, with its effects being mediated, in part, through
its ability to convert angiotensin II to angiotensin 1-7.
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Unexpectedly, ACE2 also serves as the cellular entry point
for SARS coronavirus (SARS-CoV) [4, 5].

In this study, we investigated the pathogenesis of pan-
creatic lesions and glucose intolerance in SARS patients by
determining whether biochemical parameters measuring
involvements of liver, kidney, heart, lung, and the endo-
crine part of pancreas after hospitalization were predictors
for death and whether these involvements (especially in the
endocrine part of the pancreas) were associated with tissue-
specific ACE2 expression.

Methods
Patients and data collection for survival analysis

This study included 135 patients who died from SARS, 385
hospitalized SARS patients who survived, and 19 patients
who were initially suspected of having SARS but later
diagnosed with non-SARS pneumonia. The diagnostic
criteria for SARS, defined by the Chinese Ministry of
Health, are similar to those of the Centers for Disease
Control and Prevention (CDC) [6]. The final diagnosis for
patients with equivocal clinical presentations was made by
a team of experts and was based on findings of computed
tomographic (CT) imaging of the lung. The study protocol
was approved by the Ethics Committee of the Beijing
Municipal Bureau of Health.

Demographic data, the first blood cell count (performed
within 3 days after hospitalization), and biochemical and
blood gas analysis data were collected for survival analysis.
The definition of old age was >60 years; of anemia,
hemoglobin (Hb) <10 g/l for men and <9 g/l for women;
of thrombocytopenia, platelet count <80 x 10° per I; of
below normal level of CD4 and CD8 lymphocytes, <200
and <150 per cubic mm, respectively; of clinically sig-
nificant elevations of alanine transaminase (ALT),
aspartate transaminase (AST), and lactate dehydrogenase
(LDH), >80, >80 and >250, respectively; of clinically
significant elevation of serum creatinine (s-Cr), >106 umol/l
for men and >97 pmol/l for women; of severe hypoxia,
oxygen saturation (Sa0,) <93% while inhaling oxygen at a
flow rate of 3-5 l/min; of hyperglycemia, fasting plasma
glucose (FPG) >7.0 mmol/l.

Follow up study

Of the SARS patients in the database, 164 received no
steroid treatment during the disease course and had no
concomitant diseases such as diabetes, chronic hepatic,
kidney, lung, cardiovascular disorders, cerebrovascular
disorders, or blood dyscrasias before SARS was diagnosed.
Three years later, all of these individuals were evaluated
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for inclusion in the follow-up study. Of the 164 patients, 39
(and 39 matched healthy non-SARS siblings) were inclu-
ded and signed informed consents. All baselines were
comparable between participants and nonparticipants in the
follow-up study. No participants took medications or had
any serious chronic disease known to affect glucose
metabolism.

Health status and glucose tolerance were assessed from
their medical records, in particular, from their screening
medical histories and physical examinations. Body mass
index (BMI) was calculated as weight, divided by height
squared (kg/m?). A 75 g oral glucose tolerance test
(OGTT) was carried out, and blood samples for glucose
determinations were collected through an intravenous
cannula at 0, 30, 60, 120, and 180 min. Additional blood
samples were obtained for determination of serum insu-
lin, ALT, AST, Cr, total cholesterol (TC), triglyceride
(TG), low density lipoprotein-cholesterol (LDL-C), and
high density lipoprotein-cholesterol (HDL-C). Homeostasis
model assessment (HOMA) was calculated to estimate
insulin sensitivity using the formula: HOMA IR = fasting
insulin (uU/ml) x fasting glucose (mmol/1)/22.5 [7].

Basic study of the receptor

Tissues including lung, heart, liver, kidney, and pancreas
were obtained from a 43-year-old male brain-dead organ
donor for liver transplantation after the informed consent of
his wife. Tissue procurement and experimental protocols
were approved by the human ethics committee of Capital
Medical University, Beijing Tongren Hospital. Biopsy
specimens were embedded and frozen immediately in
isopentane on dry ice (—80°C), stored at —80°C until
analysis.

Immunohistochemical staining patterns of SARS-CoV
receptor proteins in different organs were studied. Serial
frozen sections were made from each of the tissues,
immunohistochemically stained for ACE2, and compared
with negative controls. Sections were treated as follows:
two rinses, for 10 min each with 0.1% fetal bovine serum
albumin diluted in PBS, on a shaker; incubation with 3%
H,0; solution in PBS (pH 7.4) for 20 min to quench
endogenous peroxidase; one rinse in distilled water for
15 min and then soaking in 0.1% fetal bovine serum
albumin for 5 min; incubation with 20 ~ 30% egg albu-
men solution, normal rabbit serum, and 1% fetal bovine
serum albumin diluted in PBS, each for 20 min at room
temperature; incubation with the diluted antibody (1:50).
The negative control sections (performed to determine the
specificity of the antibody) were incubated with PBS rather
than primary antibodies. All of the slices were put in a
refrigerator (at 4°C) overnight. On the next day, sections
were rinsed, 6 times with 0.1% fetal bovine serum albumin
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diluted in PBS for 10 min, on a shaker; incubated with
secondary antibody (biotin-labelled rabbit anti-goat) at
37°C for 20 min; rinsed as above; incubated with strepta-
vidin-horseradish peroxidase for 20 min at 37°C; rinsed as
above; incubated with diaminobenzidine reagent for 5-
15 min or until the desired color intensity was obtained;
stained with counterstain. A qualified pathologist identified
the structures that stained positive for ACE2.

Statistical analyses

Kaplan—-Meier survival curves plotted for patients with
higher than the cut-off level were compared to those
plotted for patients with lower than the cut-off level. The
log-rank test was used for testing the homogeneity of
survival functions across strata and was computed by
pooling over any defined strata, thus adjusting for the
stratum variables. Multivariable analyses with the Cox
proportional hazards model were used to estimate the
effects of the clinical characteristics on survival. Statistical
analyses were performed using SAS 9.13 for Linux (SAS,
Cary, NC, USA).

Results
Survival analysis

Mortality was higher in older than younger patients (68.8%
[66/96] vs. 14.2% [60/422], P < 0.0001), as well as in
patients with anemia (66.0% [33/50] vs. 19.9% [93/468],
P < 0.0001), thrombocytopenia (64.9% [37/57] vs. 19.3%
[89/461], P < 0.0001), and low level of CD4 (32.2% [115/
357] vs. 6.8% [11/161], P < 0.0001) and CD8 lympho-
cytes (31.8% [117/368] vs. 6.0% [9/150], P < 0.0001).

Patients with marked increase in AST (49% [25/51] vs.
15.0% [62/413], P < 0.0001), LDH (37.9% [64/169] vs.
3.9% [11/281], P < 0.0001), and s-Cr (60.0% [27/45]
vs. 15.6 [63/405], P < 0.0001), which is consistent with
severe hypoxia (31.6% [84/266] vs. 16.7% [42/252],
P < 0.0001), also had higher death rate, suggesting multi-
organ (e.g., heart, kidney and lung) damage by SARS.
Mortality was also higher in patients with hyperglycemia
(another parameter with a higher endpoint; 38.0% [71/187]
vs. 9.8 [27/275], P < 0.0001), suggesting that SARS caused
lesions in the pancreatic islets. Interestingly, mortality was
not higher in patients with high ALT (an indicator of liver
damage) (23.3% [14/60] vs. 18.3% [74/405], P = 0.35).

Figure 1 shows the survival rates of SARS patients
grouped as defined above. Old age, anemia, thrombocyto-
penia, clinically significant elevation in all biochemical
parameters except ALT, severe hypoxia, and hyperglyce-
mia were predictors for death.

Using the Cox proportional hazards model, elevated
FPG remained independently associated with an increased
hazard ratio (HR = 1.290, 95% CI 1.023, 1.629; P < 0.01)
for death. Old age was also an independent predictor for
mortality (HR = 1.662, 95% CI 1.193, 2.317, P < 0.01).
LDH and SaO, but not ALT remained predictors for
mortality.

Receptor staining

We could distinguish the exocrine from the endocrine
pancreas clearly by HE staining of serial sections (Fig. 2a).
Compared to the negative control sections (Fig. 2b), sec-
tions incubated with the antibody showed strong staining
for ACE2 in pancreatic islets, but very weak staining for
ACE2 in exocrine tissues of the pancreas (Fig. 2c¢).

In the lung, ACE2 immunostaining was abundant in
alveolar epithelial cells (Fig. 2d). In the kidney, it was
weak in glomerular visceral epithelial cells and strong in
the parietal epithelial cells (Fig. 2e). In the heart, ACE2
protein was found in myocardium (Fig. 2f). Interestingly,
hepatocytes were negative for ACE2. Moreover, unlike the
endothelial lining of many small vessels, the endothelial
lining of the sinusoids in the liver was also negative for
ACE2 (Fig. 2g).

Follow-up study

Change in FPG level during the clinical course of SARS in
39 patients (not treated with corticosteroids) is shown in
Fig. 1. FPG level in patients initially suspected of having
SARS but later diagnosed with non-SARS pneumonia was
5.06 =+ 0.00 mmol/l, suggesting that acute pulmonary ill-
ness does not markedly influence glucose homeostasis. This
level was not significantly different between SARS patients
(SARS-P) and their healthy siblings (controls) (5.27 £ 0.76
and 5.36 £ 0.66 mmol/l, respectively). Compared with
the non-SARS pneumonia group and control group of
healthy siblings, SARS patients had significantly increased
FPG level within 3 days after hospitalization (SARS-0,
6.43 £ 1.60 mmol/l) and after 2 weeks of hospitalization
(SARS-2, 6.65 £ 1.40 mmol/l) (P < 0.01 for all). But this
glucose intolerance was no longer clinically evident at
discharge (SARS-D, 5.36 £+ 1.08 mmol/l) (Fig. 3).

Using FPG >7.0 mmol/l as the diagnostic criterion for
diabetes, 14 and 20 of these 39 patients had diabetes within
3 days and after 2 weeks of hospitalization, respectively.
Six patients had diabetes at discharge and two patients still
had diabetes after 3 years of follow-up.

Demographic and current biochemical values are pre-
sented for the SARS and control groups in Table 1. No
significant between-group differences were found in age,
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Fig. 1 a Probability of event free (no death) survival among SARS
patients divided into two groups [yes (red line) and no (green line)]
for old age (=60 years), male gender, anemia (Hb <10 for men and
<9 for women), thrombocytopenia (<80 x 10° per 1), low level of
CD4 (<200) or CD8 (<150) lymphocytes, clinically significant
elevation of ALT (>80 IU/l), AST (=80 IU/l), LDH (>250 IU/),

BMI, blood pressure, lipid profiles, and ALT, AST, and s-
Cr levels. There was also no significant difference in FPG,
PPG, and HOMA-IR.

Discussion

A key enzyme in the renin angiotensin system (RAS), ACE
converts angiotensin (Ang) I to the vasoconstrictor Ang II,
which is thought to be responsible for most of the physi-
ological and pathophysiological effects of the RAS. This
classical view of the RAS was challenged with the dis-
covery of the enzyme, ACE2, which not only degrades Ang
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s-Cr (=106 pmol/l for men and >97 pmol/l for women), hypoxia
(Sa0, <93%), and hyperglycemia (FPG >7.0 mmol/l). b Multivariate
baseline predictors of death including old age (>60 years), elevated
ALT (>80 IU/), elevated LDH (>250 IU/1) and hyperglycemia (FPG
>7.0 mmol/l) among the SARS patients, presented by hazard ratio
and 95% CI

I, but also leads to formation of the vasodilatory and anti-
proliferative peptide, Ang 1-7 [8].

SARS-CoV infection is mediated by the binding of its
spike (S) protein to a cellular receptor on its target cells,
and a recent study proved that ACE2 is a functional
receptor for SARS-CoV S protein [4, 5]. An investigation
of ACE2 protein localization in 15 human organs found
that ACE2 was abundant in the epithelia of lung and small
intestine, where SARS-CoV might enter [9]. Another
investigation of 72 human tissues by Harmer and his col-
leagues [10] confirmed ACE2 mRNA expression in
bronchus, lung parenchyma, ileum, testis, and cardiovas-
cular, renal, and gastrointestinal tissues, and pancreas.
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Fig. 2 Immunohistochemically specific pattern of staining for SARS-
CoV receptor protein in different organs. Serial sections of the
pancreas. a Hematoxylin-eosin (HE) stain shows the exocrine tissue
of pancreas (red) with a pancreatic islet (in the middle). b Negative
immunostaining control shows no non-specific staining especially
caused by endogenous biotin. ¢ Expression of ACE2 in pancreas as
assessed by immunohistochemistry shows endocrine tissue is strongly
positive compared with exocrine tissue. d Lung: marked ACE2
immunostaining was found in type I and type II alveolar epithelial

The multi-system nature of SARS infection has been
demonstrated in several autopsy studies [11-13]. These
studies demonstrated atypical pathological changes, such
as hydropic degeneration, fatty degeneration, and intersti-
tial cell proliferation involving the liver, heart, kidney, and
pancreas, in patients suspected of having died from SARS.
In one study of alimentary tract and digestive glands from
seven SARS autopsies, routine pathology, electron
microscopy (EM), in situ hybridization (ISH), immuno-
histochemistry, and real-time polymerase chain reaction
(PCR), found no evidence of direct viral infection in the
liver or pancreas [14]. In another study of patients who died
of SARS, immunohistochemistry and in situ hybridization
(using a murine monoclonal antibody specific for SARS-
CoV nucleoprotein and probes specific for a SARS-CoV
RNA polymerase gene fragment, respectively) found

cells, and capillary endothelium. e Kidney: ACE2 was very weakly
present in glomerular visceral and parietal epithelium, but strongly
present in the brush border and cytoplasm of proximal tubular cells,
and in the cytoplasm of distal tubules and collecting ducts. f Heart:
ACE2 was present in the myocytes, myocardium, border zone,
endothelium of small-to-large arteries as well as sporadically within
the smooth muscle of these vessels. g Liver: Kiipffer cells,
hepatocytes, and the endothelium of sinusoids were negative

SARS-CoV mainly in the lung and distal convoluted renal
tubule, and to a much lesser extent in the pancreas and liver
[15]. Interestingly, ACE2 mRNA was detectable at low
levels in rat liver and increased following bile duct liga-
tion (363-fold). And in healthy livers, ACE2 protein was
confined to endothelial cells, occasional bile ducts, and
perivenular hepatocytes but in human cirrhosis there was
widespread parenchymal expression (97-fold) of ACE2
protein [16].

In this study, immunostaining for ACE2 protein was
strong in the pancreatic islets but very weak in the exocrine
tissues. Abundant ACE2 immunostaining was found in
alveolar epithelial cells of the lung, parietal epithelial
cells of the kidney, myocardium of the heart, but not in
hepatocytes. These differences in ACE2 expression in
different organs were consistent with our findings showing
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Fig. 3 Changes in FPG levels during the clinical course of SARS
during follow-up. Non-SARS: FPG level in patients initially
suspected of having SARS but later diagnosed with non-SARS
pneumonia; SARS-0: the initial FPG level in SARS patients within
3 days after hospitalization; SARS-2: the initial FPG level after
2 weeks of hospitalization; SARS-D: the final FPG level before
discharge; SARS-P: the FPG level from the follow-up study;
Controls: the FPG level in the healthy siblings of SARS patients.
##P < 0.01 versus non-SARS patients. "TP < 0.01 versus controls

differences in survival associated with elevations in various
parameters. Significant elevation in levels of AST, LDH,
and s-Cr, and severe hypoxia were associated with higher
death rate, which suggested SARS damaged several organs
including heart, kidney, and lung. However, significant
elevation of ALT, an indicator of liver damage, was not
associated with higher mortality. Our results implied that
the higher the level of expression, the greater the level of
damage by SARS-CoV. Interestingly, hyperglycemia as
another possible reason for higher death rate was supported
by our idea that coronavirus acutely damaged the pancre-
atic islets leading to hyperglycemia. Consistent with our
finding that pancreatic islets are strongly immunopositive

for ACE2 while exocrine tissues are only weakly positive,
there are almost no reports of pancreatitis in patients with
SARS.

Many viruses (such as enteroviruses, Coxsackie B virus,
retroviruses, rubella, mumps, cytomegalovirus, Epstein—
Barr, and varicella zoster virus) have been implicated on
the basis of temporal and geographical associations in the
development of Type 1 diabetes in humans. Indeed, sero-
logical evidence of infection and isolation of viruses from
the pancreas have been reported in a few cases of recently
diagnosed diabetes [17, 18].

In our previous report, hyperglycemia was an indepen-
dent predictor of death, and patients with even mild SARS
(receiving no glucocorticoid medications during the
course) had a higher level of FPG [1]. In our follow-up
study, diabetes occurred during the hospitalization of 20 of
39 patients who received no corticosteroids during the
course of SARS. But after 3 years of follow-up, only two
of these patients had diabetes. Also after 3 years follow-up,
FPG, PPG, and insulin levels were similar in the SARS
group and their matched, healthy non-SARS siblings,
which suggested that the damage of islets by SARS-CoV
was transient.

A causal relation between varicella zoster virus and the
onset of diabetes was suggested in two individuals pre-
senting with acute insulin dependent diabetes mellitus for a
brief period [19]. Both had been infected with chicken pox
in the recent past. After good diabetic control had been
established, insulin was withdrawn over a few weeks.
Follow-up for the next two years did not reveal recurrence
of diabetes.

In brief, we found that SARS-CoV damaged the kidney,
heart, lung, and endocrine part of the pancreas as indicated
by the results of initial assays of s-Cr, LDH, CKMB, SaO,,
and FPG and that these measures were predictors for death
and correlated with ACE2 expression in multiple organs.
Its expression in the exocrine and endocrine tissues of the
pancreas suggests that SARS-CoV may damage islets and
cause acute insulin dependent diabetes mellitus.

Table 1 Clinical and biochemical characteristics at follow-up of both SARS patients and their non-SARS siblings (mean £+ SD)

Group n Age (year) BMI (kg/mz) WHR SBP (mmHg) DBP (mmHg) ALT (mmol/l) AST (mmol/l) s-Cr (mmol/l)
Controls 39 46.1 £2.6 253 +£0.8 0.89 + 0.02 116.7 4.7 736 £ 24 19.1 £ 1.9 21.8 £2.2 63.8 + 2.8
SARS 39 472+22 242 +0.6 0.89 +£0.01 111.8 +29 71.7 £ 1.6 20.5 £ 0.8 23.1 £22 67.1 £ 2.3
TG (mmol/l) TC (mmol/l) HDL-C (mmol/l) LDL-C (mmol/l) FPG (mmol/l) OGTT-2hPG (mmol/l) HOMA-IR
1.99 + 0.49 4.50 + 0.23 1.28 + 0.09 2.66 + 0.19 5.36 &+ 0.66 8.62 £+ 4.98 0.24 + 0.08
2.04 £+ 0.60 4.54 + 0.18 1.32 £ 0.06 2.70 £ 0.13 527 £0.76 7.40 £+ 2.66 0.18 + 0.04

BMI body mass index, WHR waist-hip ratio, SBP systolic blood pressure, DBP diastolic blood pressure, ALT alanine transaminase, AST aspartate
transaminase, s-Cr serum creatinine, 7C total cholesterol, TG triglycerides, HDL-C high density lipoprotein cholesterol, LDL-C low density
lipoprotein cholesterol, FPG fasting plasma glucose, OGTT-2hPG oral glucose tolerance test-2 h plasma glucose, HOMA-IR homeostasis model
assessment insulin resistance
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