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Figure 4. Sepp1 Knockdown in the Liver Improves Insulin Sensitivity

(A) Sepp1 mRNA levels in H4IIEC hepatocytes transfected with control or Sepp1-specific siRNA (n = 4).

(B) SeP protein production in H4IIEC hepatocytes transfected with Sepp 7-specific SiRNA. SeP production was detected in whole cell lysates by western blotting.
(C) Effects of SeP knockdown on insulin-stimulated serine phosphorylation of Akt in H4IIEC hepatocytes. Data represent the mean + SEM of three independent

experiments.

(D and E) Liver SeP production in KKAy mice injected with control or Sepp7-specific siRNA (n = 6). SeP protein levels were measured by western blotting 4 days

after injection of siRNA.

(F and G) Blood SeP levels in KKAy mice injected with siRNA. Blood samples were obtained 4 days after siRNA injection (n = 6).

(H-K) Intraperitoneal glucose (H and I) and insulin (J and K) tolerance tests in KKAy mice (n = 6-8) injected with control or Sepp7-specific siRNA. Glucose and
insulin was administered at doses of 0.3 g/kg body weight and 4 units/kg body weight, respectively.

Area under the curve (AUC) for blood glucose levels is shown in () and (K). Data in (A) represent the means + SEM from four cells per group, and data in (E) and
(G)~(K) represent the means + SEM from six to eight mice per group. *p < 0.05 versus cells transfected with control siRNA in (A) and (C). “p <0.05, **p < 0.01 versus

mice injected with control siRNA in (E) and (G)—(K). See also Figure S2.

rats have been established as an animal model of obesity-related type 2
diabetes (Kawano et al., 1992). Female KKAy mice were obtained from
CLEA Japan (Tokyo, Japan). Allanimals were housed in a 12 hr light/dark cycle
and allowed free access to food and water. High-fat and high-sucrose diet
(D03062301) was purchased from Research Diets (New Brunswick, NJ). The
experiments with OLETF and LETO rats were performed with frozen blood
and liver samples obtained in our previous study (Ota et al., 2007).

Purification of SeP

SeP was purified from human plasma via conventional chromatographic
methods, as previously described (Saito et al., 1999; Saito and Takahashi,
2002). Homogeneity of purified human SeP was confirmed by analysis of
both amino acid composition and sequence (Saito et al., 1999). Concentra-
tions of purified SeP were measured by the Bradford method, using bovine
immunoglobulin G as a standard.
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Figure 5. Sepp1-Deficient Mice Show Improved Glucose Tolerance and Enhanced Insulin Sensitivity

(A) Hematoxylin-and-eosin-stained liver and epididymal fat sections from male Sepp7*/~ and Sepp?~/~ mice.

(B) Blood glucose levels in Sepp1-deficient mice (n = 7). The mice were fasted for 6 hr.

(C) Blood insulin levels in Sepp1-deficient mice (n = 7).

(D and E) Intraperitoneal glucose (D) and insulin (E) tolerance tests in male Sepp7-deficient mice (n = 7). Glucose and insulin were administered at doses of
1.5 g/kg body weight and 4 units/kg body weight, respectively.

(F-K) Western blot analysis of phosphorylated Akt (pAkt) and phosphorylated insulin receptor (pIR) in liver (F-H) and skeletal muscle (I-K). Mice (n = 6) were
stimulated with insulin (administered intraperitoneally). At 20 min after insulin stimulation, mice were anesthetized, and liver and hind-limb muscle samples
removed for analysis.

Data in (B)—(E), (G), (H), (J), and (K) represent the means + SEM from six to seven mice per group. *p < 0.05, **p < 0.01 versus wild-type mice. See also Figure S3.

siRNA Injection into KKAy mice age (31-33 g body weight) were used. Mice were anesthetized with pentobar-
Delivery of siRNA targeted to the liver was performed by tail vein injections into  bital, and 2 nmol of siRNA, diluted in 3 ml of PBS, was injected into the tail vein
mice, via hydrodynamic techniques, as previously described (McCaffrey etal.,  over 15-20 s. All siRNAs were purchased from Applied Biosystems (Silencer™

2002; Zender et al., 2003). For these experiments, KKAy mice at 7-8 weeks of  In Vivo Ready Pre-designed siRNA). Sepp? siRNAs with the following
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Figure 6. Sepp1-Deficient Mice Are Protected from Diet-Induced Insulin Resistance and Adipocyte Hypertrophy

(A) Body weight of Sepp7-deficient and wild-type mice fed a high-fat, high-sucrose diet (HFHSD; n = 4-8). Sixteen-week-old male mice were fed a HFHSD for
16 weeks.

(B) Daily calorie intake in Sepp7-deficient and wild-type mice (n = 4-8).

(C) Energy expenditure (as measured by VO, consumption through indirect calorimetry; n = 4).

(D) Epididymal fat mass in Sepp7-deficient and wild-type mice fed HFHSD (n = 4-7).

(E) Hematoxylin-and-eosin-stained epididymal fat sections from wild-type and Sepp?~'~ mice.

(F) Histogram showing adipocyte diameters. We determined adipocyte diameters by measuring at least 300 adipocytes randomly selected from four independent
sections.

(G) Blood nonestimated fatty acid levels in Sepp7-deficient and wild-type mice fed HFHSD (n = 4-7).

(H) Blood glucose levels in Sepp 1-deficient and wild-type mice fed HFHSD (n = 4-8).

() Blood insulin levels in Sepp 1-deficient and wild-type mice fed HFHSD (n = 4-8). Blood samples were obtained from mice fed a HFHSD for 16 weeks aftera 12 hr
fast in (G)—().

(J) Intraperitoneal glucose tolerance tests in wild-type and Sepp7-deficient mice (n = 4-8). Glucose was administered at a dose of 0.3 g/kg body weight.

(K) Intraperitoneal insulin tolerance tests in wild-type and Sepp1-deficient mice (n = 5-10). Insulin was administered at a dose of 2.0 units/kg body weight.
Data in (A)~(D) and (G)—(K) represent the means + SEM from four to ten mice per group. *p < 0.05, **p < 0.01 versus wild-type mice. See also Figure S4.

/-

sequence were synthesized: mouse Sepp?, 5-GGUGUCAGAACACAUC  SeP Knockout Mice

GCAtt-3' (sense). Negative control siRNA was also used and had no significant ~ SeP knockout mice were produced by homologous recombination with
homology with any known gene sequences in mouse, rat, or human. Glucose  genomic DNA cloned from an Sv-129 P1 library, as described previously
and insulin loading tests were performed 2-7 days after injection of mice with  (Hill et al., 2003). As female SeP knockout mice had inconsistent phenotypes,
siRNA. only male mice were used in this study.

492 Cell Metabolism 12, 483-495, November 3, 2010 ©2010 Elsevier Inc.

-1172 -



Cell Metabolism

Hepatokine Selenoprotein P and Insulin Resistance

A C57BL/6J mouse liver B

Mouse liver

Figure 7. SeP Reduces Phosphorylation of AMPK and

ACC in Hepatocytes
(A) Phosphorylation of AMPK and ACC in the liver of mice
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OBJECTIVE — The goal of this study was to examine whether metabolic abnormalities are
responsible for the histological changes observed in Japanese patients with nonalcoholic fatty
liver disease (NAFLD) who have undergone serial liver biopsies.

RESEARCH DESIGN AND METHODS — In total, 39 patients had undergone consec-

utive liver biopsies. Changes in their clinical data were analyzed, and biopsy specimens were
scored histologically for stage.

RESULTS — The median follow-up time was 2.4 years (range 1.0-8.5). Liver fibrosis had
improved in 12 patients (30.7%), progressed in 11 patients (28.2%), and remained unchanged
in 16 patients (41%). In a Cox proportional hazard model, decrease in A1C and use of insulin
were associated with improvement of liver fibrosis independent of age, sex, and BMI. However,
AA1C was more strongly associated with the improvement of liver fibrosis than use of insulin

after adjustment for each other (x*; 7.97 vs. 4.58, respectively).

CONCLUSIONS — Tight glycemic control may prevent histological progression in Japanese

patients with NAFLD.

ccumulating trans-sectional evi-

dence suggests that the presence of

multiple metabolic disorders, in-
cluding obesity, diabetes, dyslipidemia,
hypertension, and ultimately metabolic
syndrome, are associated with nonalco-
holic fatty liver disease (NAFLD) (1).
However, it remains unclear which meta-
bolic abnormalities are responsible for the
pathological progression of NAFLD, es-
pecially in Japanese patients, who gener-
ally are not severely obese compared with
Western patients.

Diabetes Care 33:284-286, 2010

We retrospectively compared clinical
features with the histological changes in
the livers of Japanese patients with
NAFLD who had undergone serial liver
biopsies.

RESEARCH DESIGN AND

METHODS — We recruited 195 pa-
tients with clinically suspected NAFLD
who had undergone liver biopsies at Ka-
nazawa University Hospital from 1997
through 2008. For details about the
study subjects and the exclusion crite-

From the 'Department of Disease Control and Homeostasis, Kanazawa University Graduate School of
Medical Science, Ishikawa, Japan; the ?Department of Epidemiology and Public Health, Kanazawa Med-
ical University, Ishikawa, Japan; the *Department of Gastroenterology, Kanazawa University Hospital,
Ishikawa, Japan; the *Division of Pathology, Kanazawa University Hospital, Ishikawa, Japan; and the
*Department of Human Pathology, Kanazawa University Graduate School of Medical Science, Ishikawa,
Japan.

Corresponding author: Toshinari Takamura, ttakamura@m-kanazawa.jp.

Received 8 February 2009 and accepted 20 October 2009. Published ahead of print at http:/care.
diabetesjournals.org on 30 October 2009. DOI: 10.2337/dc09-0148.

© 2010 by the American Diabetes Association. Readers may use this article as long as the work is properly
cited, the use is educational and not for profit, and the work is not altered. See http://creativecommons.
org/licenses/by-nc-nd/3.0/ for details.

The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby
marked “advertisement” in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

ria, see supplementary Fig. 1 in the on-
line appendix, available at http://care.
diabetesjournals.org/cgi/content/full/
dc09-0148/DC1. Of 178 patients diag-
nosed histologically as having NAFLD, 39
had undergone serial liver biopsies.

Data collection

Clinical information, including age,
sex, body measurements, and preva-
lence of metabolic abnormalities, was
obtained for each patient. Venous blood
samples drawn for laboratory testing
before the liver biopsies were obtained.
All subjects had been administered a
75-g oral glucose tolerance test at base-
line and at follow-up.

Liver biopsies

Biopsies were obtained after a thorough
clinical evaluation and receipt of signed
informed consent from each patient. All
biopsies were analyzed twice and at sep-
arate times randomly by a single patholo-
gist who was blinded to the clinical
information and the order in which the
biopsies were obtained. The biopsied tis-
sues were scored for steatosis, stage, and
grade as described (2), according to the
standard criteria for grading and staging
of nonalcoholic steatohepatitis proposed
by Brunt et al. (3).

For additional details on subjects,
data collection methods, liver pathology,
and statistical analyses, see supplemen-
tary Methods in the online appendix.

RESULTS — The basal clinical and
biochemical data from 39 patients with
NAFLD are described in supplementary
Table 1. Prevalence of type 2 diabetes, hy-
pertension, and dyslipidemia were 77,
36, and 64%, respectively. The median
follow-up period was 2.4 years (range
1.0-8.5). Medications for diabetes and
medication changes during the follow-up
period are described in supplementary
Table 2. Seventeen patients treated with
oral diabetic agents were switched to in-
sulin therapy after the initial biopsy. No
patients initiated pioglitazone during
follow-up.
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Table 1—Baseline and follow-up clinical features and gradients of laboratory markers associated with changes in liver fibrosis in 39 patients with NAFLD
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Baseline Follow-up
Improved Stable Progressed I3 Improved Stable Progressed P
n 12 16 11 12 16 11 —
Simple fatty liver:nonalcoholic
steatohepatitis (n) 3:9 9:7 10:1 10:2 9:7 6.5

Age (years) 51.5 (29-66) 48.5 20-79) 51.5 (29-66) 0.97

Sex (M:F) 5:7 12:4 5:7 0.17

BMI (kg/m?) 27.5(23.2-34.1) 27.7(22.5-444) 309(234-37.7) 074 26.9 (22.8-31.2) 29.1 (24.3-44.8) 30.7 (24.1-36.3) 0.13
Aspartate transaminase (IU/1) 70 (11-106) 29 (14-86) 32 (13-83) 0.05 23(11-28) 26 (15-71) 24 (14-164) 0.20
Alanine transaminase (IU/1) 71 (10-209) 48 (23-81) 40 (11-162) 0.13 21 (11-53) 36 (21-66) 31(12-202) 0.10
Fasting plasma glucose (mg/dl) 133 (96-207) 143 (87-414) 111 (76-167) 0.20 103 (93-220) 121 (83-198) 116 (88-199) 0.51
Al1C (%) 8.2 (4.7-11.6) 8.0 (4.9-13.6) 6.2 (5.1-9.5) 0.27 6.0 (5.0-9.0) 6.2 (5.0-10.0) 7.0 (6.0-11.0) 0.10
HOMA-IR 3.9(0.7-5.5) 3.4(1.9-7.7) 391.6-11.1) 091 3.1(1.5-8.5) 3.4(.9-7.7) 39(1.6-11.1) 0.76
QUICKI 0.32(0.29-0.40) 0.31(0.27-0.34) 0.31(0.29-0.35) 0.32 0.33 (0.28-0.37) 0.32 (0.30-0.35) 0.31 (0.29-0.34) 0.82
Muscle insulin resistance 2.1(1.5-4.0) 1.7 (0.3-3.3) 3.02.1-44) 0.20 2.0(1.3-5.9) 2.4 (1.6-4.5) 1.9(1.3-4.5) 0.80
Hepatic insulin resistance (X 10%) 5.3(2.3-10.2) 5.0(2.3-10.0) 3.7 (1.4-10.6) 0.66 3.9(1.4-9.8) 43(1.9-15.9) 4.5(2.3-8.8) 0.75
Total cholesterol (mg/dl) 191 (128-276) 187 (129-252) 206 (163-244) 0.57 192 (114-224) 195 (136-273) 194 (162-234) 0.74
Triglycerides (mg/dl) 111 (28-224) 114 (36-204) 96 (36-521) 0.87 104 (22-241) 115 (57-241) 131 (36-173) 0.68
HDL cholesterol (mg/dl) 47 (35-82) 51 (31-73) 48 (20-74) 0.68 53 (40-71) 52 (39-64) 52 (36-79) 0.92
Platelets (X 10%/pl) 21.1 (9.4-30.8) 23.0(7.0-38.2) 24.3(20.2-41.2)  0.29 23.3 (14.5-27.6) 21.5(6.3-31.8) 24.0(15.2-32.6) 0.60
Ferritin (ng/dl) 185 (13-452) 397 (190-604) 46 (10-347) 0.14 74 (16-211) 162 (110-614) 62 (10-171) 0.05
hs-CRP 0.40(0.08-7.53)  0.14(0.02-0.61)  0.06 (0.00-0.30) 0.23  0.09 (0.04-0.23) 0.10 (0.00-0.24) 0.09 (0.00-0.89) 0.89
Type IV collagen 7S (ng/d]) 5.1(2.7-10.0) 41(3.1-7.2) 3.7 (3.3-4.5) 0.27 3.5(2.3-3.9) 8.3 (3.2-14.0) 4.0 (3.2-5.0) 0.21
HA (ng/dl) 20.6 (0.0-144.7)  25.5(11.5-299) 30.4 (0.0-61.7) 0.66 32.8 (0.0-117.2) 24.5 (0.0-570) 24.3 (0.0-140.3) 0.63
P-1I1-P (U/ml) 0.6 (0.5-1.2) 0.6 (0.4-45.0) 0.5 (0.4-0.6) 0.07 0.6 (0.3-0.8) 0.5 (0.5-233.0) 0.6 (0.4-1.0) 0.96
Diabetes (%) 82 69 64 0.59 82 75 64 0.56
Dyslipidemia (%) 73 63 73 0.95 73 63 73 0.86
Hypertension (%) 64 18 36 0.03 64 18 36 0.10
Metabolic syndrome (%) 73 38 27 0.18 67 50 45 0.43
AALC —1.9(—-6.0t00.4) —12(-61w44 03(—18t07.1) 0.02
ABody weight —4.7 (=10.610 10.2) 22(-941t0134) -09(—12.7109.6) 0.04
AHOMA-IR —13(-44tw01.2) —0.3(—4.3103.3) —0.7(—6.1t0 1.8) 0.81

Data are medians (range) or %. A Kruskal-Wallis test and a x” test were used to compare the continuous and categorical variables among three groups. HA, hyaluronic acid; hs-CRP, high-sensitivity C-reactive protein;
P-111-P, procollagen IIT peptide.
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Glycemic control ameliorates NAFLD

Liver fibrosis improved in 12 patients
(30.7%), progressed in 11 patients
(28.2%), and remained unchanged in 16
patients (41%). As shown in Table 1, fast-
ing plasma glucose, A1C, insulin resis-
tance indicators, and prevalence of
metabolic disorders were not significantly
different among the three liver fibrosis
groups. In the Cox proportional hazard
model (supplementary Table 3), although
some of the confidence intervals were
very wide because of the small sample
size, improvement of liver fibrosis was
significantly associated with changes in
A1C between the initial and final liver bi-
opsies (AA1C) (P = 0.005) and use of
insulin for the treatment of diabetes (P =
0.019). Both AA1C and use of insulin
were independently associated with the
improvement of liver fibrosis after ad-
justed for each other. However, AA1C
was more strongly associated with the im-
provement of liver fibrosis than use of in-
sulin (x%; 7.97 vs. 4.58, respectively;
supplementary Table 3).

CONCLUSIONS — In the present
study, we showed that a change in glyce-
mic control (AA1C), but not changes in
insulin resistance indicators, was an inde-
pendent predictor of the progression of
liver fibrosis in Japanese patients with
NAFLD. This is the first report identifying
a change in A1C as a predictor of the his-
tological course in the liver of patients
with NAFLD. Two of five previous longi-
tudinal studies have identified obesity,
higher BMI, and homeostasis model as-
sessment of insulin resistance (HOMA-
IR) as predictors of liver fibrosis progression
in Western populations (4,5). The differ-
ence between those results and the results of
the present study may be due in part to
differences in the assessed severity of obe-
sity and insulin resistance between the
populations. We previously demon-
strated that diabetes is an independent
risk factor for the progression of liver fi-
brosis in hepatitis C (6) and that diabetes
accelerates the pathology of nonalcoholic
steatohepatitis in the type 2 diabetic rat
model OLETF (7).

Liver fibrosis is closely associated
with two regulators of fibrosis: transform-
ing growth factor (TGF)-B (8,9) and plas-
minogen activator inhibitor type 1
(PAI-1) (8,10). High glucose levels in-
duce the expression of TGF-B (11) and
PAI-1 (12). We previously reported that
the expression of TGF family member

genes, PAI-1, and genes involved in fibro-
genesis are upregulated in the livers of pa-
tients with type 2 diabetes (13,14),
suggesting that a diabetic state increases
the risk for liver fibrosis.

In the present study, only AA1C was
associated with the progression of liver
fibrosis, but not liver inflammation (data
not shown). We speculate that the reduc-
tion of A1C inhibits the expression of
master genes such as TGF-f3 and PAI-1
that are involved in the regulation of fi-
brogenesis, rather than genes involved in
liver inflammation, and thereby improves
liver fibrosis in NAFLD.

The major limitation of this study was
small population size. We could not eval-
uate the changes of liver histology
according to the difference in detail char-
acteristics such as treatment of diabetes.
Lower statistical power of this study
should be consider when we evaluate the
results.

In conclusion, our study suggested
that AA1C could predict liver fibrosis
progression in Japanese patients with
NAFLD, and tight glycemic control may
ameliorate liver fibrosis. Future large-
scale prospective studies are needed to
confirm our results.
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ORIGINAL ARTICLE

CD14™ Monocytes Are Vulnerable and Functionally
Impaired Under Endoplasmic Reticulum Stress in
Patients With Type 2 Diabetes
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OBJECTIVE—Although patients with diabetes suffer from in-
creased infections and a higher incidence of cancer due to
impaired immune function, details on diabetes-induced decrease
in immunity are lacking. We assessed how immune-mediating
peripheral blood mononuclear cells (PBMCs) are affected in
diabetes.

RESEARCH DESIGN AND METHODS—From 33 patients
with type 2 diabetes and 28 healthy volunteers, we obtained
PBMCs and investigated their susceptibility to apoptosis and
functional alteration.

RESULTS—In a subpopulation of PBMCs, monocytes derived
from patients with diabetes were more susceptible to apoptosis
than monocytes from healthy volunteers. Monocytes from pa-
tients with diabetes had decreased phagocytotic activity and
were less responsive to Toll-like receptor (TLR) ligands, al-
though the expression of TLRs did not differ significantly be-
tween the two groups. Furthermore, monocytes from patients
with diabetes had a distinctly different gene expression profile
compared with monocytes from normal volunteers as assessed
with DNA microarray analysis. Specifically, quantitative real-time
detection PCR measurements showed an elevated expression of
the markers of endoplasmic reticulum (ER) stress in diabetic
monocytes, and electron microscopic examination of monocytes
revealed morphologic alterations in the ER of cells derived from
patients with diabetes. Consistently, the ER stress inducer tuni-
camycin increased apoptosis of otherwise healthy monocytes
and attenuated the proinflammatory responses to TLR ligands.

CONCLUSIONS—These data suggest that monocytes comprise
a substantially impaired subpopulation of PBMCs in patients
with diabetes and that ER stress is involved in these pathologic
changes mechanistically. This implies that the affected mono-
cytes should be investigated further to better understand diabetic
immunity. Diabetes 59:634-643, 2010
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ype 2 diabetes is the most frequent metabolic

disease and the leading cause of human morbid-

ity and mortality (1,2). Based on epidemiologic

data, patients with diabetes are immunocompro-
mised and have an increased incidence of infections in the
respiratory tract, urinary tract, and skin (3-5). The high
incidence of colorectal, breast, and pancreatic malignan-
cies in patients with diabetes is also considered to be a
consequence of diabetes-associated defects in immune
function (6,7).

Although studies on immune cells and circulating cyto-
kines have shed some light on this diabetic immunologic
phenomenon, conflicting results have been reported and
do not adequately explain the perturbed immune function
in patients with diabetes. Controversial results concerning
the phagocytotic activity of polymorphonuclear neutro-
phils and monocytes are in part due to differences in the
patients themselves, insufficient numbers in the study
populations, or inconsistencies in the collection of the
cell populations under investigation (8-11). Therefore,
further studies are needed to explain the decreased im-
mune function of patients with diabetes.

We previously investigated the gene expression signa-
tures of peripheral blood mononuclear cells (PBMCs) in
patients with diabetes and observed transcriptional ex-
pression features that were distinct from those of healthy
volunteers (12). Apoptosis-related genes were upregulated
in the PBMCs of patients with diabetes. Based on this
result, we investigated apoptotic activity and immunologic
function in PBMCs from patients with type 2 diabetes.

We observed that the CD14" monocyte fraction was the
most affected subpopulation of PBMCs from these pa-
tients; these cells were especially vulnerable to apoptosis
compared with other cell subpopulations. We also found
that CD14" monocytes demonstrated attenuated phagocy-
totic activity and deficient Toll-like receptor (TLR) signal-
ing, both of which are important for innate immunity
(13,14). Transcriptional analysis and electron microscopic
examination of monocytes from patients with diabetes
showed evidence of endoplasmic reticulum (ER) stress,
which may underlie the functional defects in these cells.
Collectively, the data presented herein show that CD14*
monocytes are a vulnerable cell population under ER
stress in these patients that could contribute to decreases
in immune function in diabetes.

RESEARCH DESIGN AND METHODS

Thirty-three patients with type 2 diabetes (male/female, 15/18; age 62.0 *+ 8.6
years; A1C 9.2 *+ 2.0%) and 28 healthy volunteers (male/female, 15/13; age
582 * 10.2 years; AI1C 54 * 0.7%) were enrolled consecutively for the
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TABLE 1
Characteristics of the study subjects

Diabetic Healthy

patients volunteers

(n = 33) (n = 28) P
Age (years) 62.0 = 8.6 58.2 + 10.2 NS
Sex (male/female) 15/18 15/13 NS
BMI (kg/m?) 235+ 4.2 23.6 = 4.8 NS
White blood cell counts

(ml) 4,800 = 1,700 5,600 = 1,900 NS
Lymphocytes (%) 23.6 =35 22,7+ 25 NS
Monocytes (%) 52 *+ 1.6 6.1+23 NS
Hemoglobin (g/dl) 141+ 1.3 13.6 = 1.6 NS
Total cholesterol (mg/dl) 182 * 24 180 = 35 NS
Triglyceride (mg/dl) 138 = 37 163 = 33 NS
FPG (mg/dl) 185 * 38 86 = 7.4 <0.001
Al1C (%) 92=*20 54 + 0.7 <0.001
Diabetic complications
(+/—)* 19/14 NA

Insulin treatment (+/—) 10/23 NA

Data are means * SD. *Diabetic complications: nephropathy, neu-
ropathy, retinopathy, macroangiopathy. FPG, fasting plasma glucose;
NA, not applicable.

apoptosis assay (Table 1). The groups were not significantly different in terms
of their clinical parameters, except for the fasting plasma glucose and A1C
levels. The patients with diabetes (n = 16) from whom adequate numbers of
monocytes were obtained were enrolled for additional experiments along with
17 other patients with diabetes (male/female, 8/9; age 60.5 *= 7.2 years; A1C
8.8 = 1.8%) whose clinical profiles fit the diabetic profile (Table 1). Informed
consent for this study was obtained from all subjects. The experimental
protocol was carried out in accordance with the Declaration of Helsinki.
Isolation of subpopulations of PBMCs and flow cytometric analysis.
PBMCs were freshly isolated from heparinized venous blood using Ficoll-
Hypaque (Sigma-Aldrich, St. Louis, MO) as previously described (12). CD4"
T-cell and CD14" monocyte subpopulations were isolated using a magnetic
cell sorting system in accordance with the manufacturer’s protocol (Miltenyi
Biotec, Bergisch Gladbach, Germany). Isolated cells were purified by >90% as
measured by flow cytometric analysis using FACSCalibur flow cytometer (BD
Biosciences, San Jose, CA). To assess the expression of TLRs on monocytes,
PBMCs were incubated with phosphatidylethanolamine (PE)-labeled anti-
TLR2, -TLR3, or -TLR4 (eBioscience, San Diego, CA) and fluorescein isothio-
cyanate (FITC)-labeled anti-CD14 antibodies (BD Biosciences) and analyzed
by flow cytometry. Data were analyzed using CELLQuest Software (BD
Biosciences).

Quantitative real-time detection PCR. Real-time detection (RTD)-PCR
was performed as previously described (15). Briefly, total RNA obtained from
cells using a MicroRNA isolation kit (Stratagene, La Jolla, CA) was reverse-
transcribed using 1 pg oligo (dT) primer and Super Script II Reverse
transcriptase (Invitrogen, Carlsbad, CA). The relative quantities of mRNA
expression were analyzed by RTD-PCR using ABI PRISM 7900 HT Sequence
Detection System (Applied Biosystems, Foster City, CA). All primer pairs and
probes were obtained from the TagMan assay reagents library. Expression
levels of genes were calculated with the 2~ **“* method using either B-actin or
GAPDH as internal control genes.

Apoptotic cell detection assay. Freshly isolated PBMCs were incubated
with AIM-V (Invitrogen) serum-free culture media containing 5 or 30 mmol/l
glucose at 37°C with 5% CO, for up to 24 h. The cells were incubated with
FITC-labeled anti-CD4, -CD14, or -CD56 antibodies (BD Biosciences) and with
PE-labeled annexin-V and 7-amino-actinomycin D (7-AAD) (BD Biosciences)
in PBS containing 2% BSA (Sigma-Aldrich). Apoptotic cells were determined
by flow cytometry as the fraction of cells labeled with annexin-V that were
T-AAD negative. At least 10,000 cells per sample were analyzed.
Phagocytosis assay. Phagocytotic activity was assessed using a Phagotest
Kit (Orpegen Pharma, Heidelberg, Germany) and FITC-labeled opsonized
Escherichia coli in accordance with the manufacturer’s protocol. Briefly,
heparinized whole blood obtained from the 33 patients with diabetes and 28
healthy volunteers was incubated with FITC-labeled E. coli for 10 min at 37°C.
After removing the erythrocytes, the remaining cells were incubated with
propidium iodide to detect viable leukocytes by flow cytometry. Monocyte
populations were assessed based on cellular granularity and size as side
scatter and forward scatter, respectively, and FITC-positive cells were as-
sessed as monocytes with phagocytosed FITC-labeled E. coli.

diabetes.diabetesjournals.org

TLR ligand stimuli and expression of proinflammatory cytokine genes.
Peptidoglycan (PGN; 1 pg/ml) from Streptomyces sp. (Sigma-Aldrich), Poly
(I.:C) (5 pg/ml; Sigma-Aldrich), and lipopolysaccharide (LPS; 2 pg/ml) from E.
coli (Sigma-Aldrich), which are TLR2, TLR3, and TLR4 ligands, respectively,
were added to monocytes (3 X 10° cells) freshly isolated from the 33 patients
and 28 healthy volunteers in AIM-V media. Before and 3 h after incubation, the
expression of tumor necrosis factor-a (TNF-a) and interleukin-18 (IL-1B) was
analyzed by RTD-PCR.

Analysis of gene expression by DNA microarray. Total RNA was obtained
from CD14" monocytes using MicroRNA isolation kit (Stratagene), and the
mRNA was amplified twice using the Amino Allyl MessageAmp aRNA Kit
(Ambion, Austin, TX). The reference RNA sample was isolated from CD14"
monocytes from a 30-year-old healthy male volunteer and amplified in the
same manner. Amplified mRNA was labeled with cyanin (Cy) 5 or Cy3
(Amersham, Buckinghamshire, U.K.). Equal amounts of the amplified mRNAs
were hybridized to an oligo-DNA chip (AceGene Human Oligo Chip 30K;
Hitachi Software Engineering, Yokohama, Japan) overnight and washed prior
to image scanning.

The fluorescence intensity of each spot on the oligo-DNA chip was
obtained using cDNA Microarray Scan Array G (PerkinElmer, Wellesley, MA).
The obtained images were quantified using DNAsis array V2.6 software
(Hitachi Software Engineering). For normalization, the intensity of each spot
with oligo DNA was subtracted from that of spots without oligo DNA in the
same block. The spot was validated when the intensity was within the
intensity plus or minus a twofold range of SD within each block. By calibrating
the median as the base value, the intensities of all spots were adjusted for
normalization between Cy5 and Cy3. Hierarchic clustering of gene expression
was calibrated using the method described above using BRB Array Tools
(http:/linus.nci.nih.gov/BRB-ArrayTools.html). The nonfiltered data were log-
transformed and applied to the average linkage clustering with centered
correlation. For the functional analysis of the 813 upregulated genes, we used
GenMAPP (http:/www.genmapp.org), a computer program designed for view-
ing and analyzing genome-scale data on MAPPs representing biological
pathways and any other groups of genes.

Electron microscopy. Monocytes obtained from three healthy volunteers
and three patients with diabetes were fixed with 2.5% glutaraldehyde and then
postfixed in 1% (vol/vol) cacodylate-buffered osmium tetroxide. Samples were
dehydrated in a graded series of ethanol, transferred to propylene oxide, and
embedded in Epon-Araldite (Sigma-Aldrich). Ultrathin sections were obtained
and observed under a Hitachi H-7500 electron microscope (Hitachi High-
Technologies, Hitachinaka, Japan).

Caspase-3 assay and enzyme-linked immunosorbent assay (ELISA) of
cytokines. Monocytes from a healthy volunteer were harvested and treated
with tunicamycin (1 or 5 pg/ml) in AIM-V media. Every 3 h up to 12 h after
tunicamycin treatment, we assessed apoptosis by flow cytometry as described
above. After 12 h of incubation, the expression levels of BCL-2, C/EBP
homologous protein (CHOP), and BiP (immunoglobulin heavy chain binding
protein) were assessed by RTD-PCR. The DEVD-cleaving activity of active
caspase-3 was measured using labeled Asp-Glu-Val-Asp-p-nitroanilide (DEVD-
pNA) as the substrate and the Caspase-3 Colorimetric Assay Kit (Promega,
Madison, WI) in accordance the manufacturer’s protocol. The pNA light
emission was quantified using a microtiter plate reader at a wavelength of 405
nm. In addition, we measured the production of proinflammatory cytokines by
RTD-PCR 6 h after treatment of monocytes (3 X 10° cells) with tunicamy-
cin (1 or 5 pg/ml) or the TLR ligands PGN (1 pg/ml), Poly (I:C) (5 pg/ml),
and LPS (2 pg/ml). The concentrations of TNF-a, IL-1B, and IL-6 in the
culture supernatants were measured using an ELISA kit (eBioscience).
Statistical analysis. Data are expressed as means = SEM. The Mann-
Whitney U test was applied to assess the significant differences between the
two groups. Statistical significance was determined as P < 0.05, P < 0.01, and
P < 0.001.

RESULTS

Increased apoptosis of CD14* monocytes from patients
with diabetes. We first assessed the frequency of apoptosis
in the PBMC fractions from 33 patients with diabetes and
28 nondiabetic healthy volunteers. Apoptosis of the iso-
lated cells was assessed after 3-h incubation in AIM-V
serum-free media containing 5 mmol/l glucose (physiolog-
ical concentration in blood). As shown in Fig. 14, a
significant difference in the frequency of apoptosis was
observed in the PBMCs isolated from patients with diabe-
tes and healthy volunteers. Adding serum to AIM-V serum-
free media did not affect the difference in apoptosis (data
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FIG. 1. Monocytes contributed to the vulnerability of the PBMCs in patients with diabetes. A: PBMCs were obtained from 33 patients with diabetes and
28 healthy volunteers. Isolated PBMCs were harvested in AIM-V serum-free culture media supplemented with 5 mmol/1 glucose for 3 h and incubated
with FITC-labeled anti-CD4, -CD14, or -CD56 antibodies, together with PE-labeled annexin-V to assess the frequency of apoptotic cells in each
subpopulation of PBMCs. Apoptotic cells were identified by double-staining with PE-labeled annexin-V and 7-AAD by flow cytometry. The frequencies
of apoptotic cells determined as the annexin-V-positive and 7-AAD-negative population are expressed as means + SEM with statistical comparisons
for both groups. The nonparametric Mann-Whitney U test was used to calculate the P value. **P < 0.01, ***P < 0.001. The PBMCs of patients with
diabetes were more susceptible to apoptosis than those of healthy volunteers, and CD14* monocytes were contributors. B: Among the 33 patients with
diabetes, those with poor glycemic control reflected as A1C =9.0% were more susceptible to apoptosis in CD14* monocytes. Data are expressed as
means + SEM with a statistical comparison of both groups. *P < 0.05. C: Monocytes were isolated from 15 patients with A1C =9.0% and 18 patients
with A1C <9.0%. The expression of the BCL-2 gene in their monocytes before and after incubation in AIM-V serum-free media was assessed by
RTD-PCR. After 3-h incubation, the expression of BCL-2 was not upregulated in the poor glycemic control group (A1C =9.0% ), compared with the fair

control group (A1C <9.0%). Data are expressed as means = SEM with statistical comparisons of both groups. *P < 0.05.

not shown). The numbers of whole PBMCs and CD4",
CD14%, and CD56™ cells were similar in both diabetic and
healthy subjects (data not shown). CD14* monocytes
were observed to be the major contributor to the in-
creased apoptosis measured in the PBMCs. In contrast,
apoptosis of CD4" T-cells and CD56™ natural killer (NK)
cells was not significantly different between the two
groups (Fig. 1A). When the incubation period in culture
media with or without serum was extended to 24 h, ~20%
of the CD56™ NK cells of both patients with diabetes and
healthy volunteers were induced to undergo apoptosis.
When incubation period was extended to 5 days, ~5% of
CD4* T-cells of both patients with diabetes and healthy
volunteers were induced to undergo apoptosis; there was
no significant difference in cell viability of CD56" NK cells
and CD4™ T-cells between the two groups (data not
shown). BCL-2 expression of CD4" T-cells was not differ-
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ent between the two groups (data not shown). Apoptosis
of PBMC subpopulations incubated in culture media con-
taining 30 mmol/l glucose was not different from cells
incubated in 5 mmol/l glucose-containing media (data not
shown). Moreover, the susceptibility of PBMCs from pa-
tients with diabetes to apoptosis was not related to clinical
features such as vascular complications, insulin treatment,
and fasting plasma glucose concentrations (data not
shown).

However, among the 33 patients with diabetes, the
frequency of apoptotic CD14" monocytes from those with
poor glycemic control (A1C =9.0%) was elevated com-
pared with patients with fair glycemic control (A1C
<9.0%) (Fig. 1B). Furthermore, after 3-h incubation, the
increased ratio of the expression of the antiapoptotic
gene, BCL-2, was substantially lower in monocytes from
the 15 patients with A1C =9.0% compared with the 18
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FIG. 2. Attenuated phagocytosis activity in diabetic monocytes. Whole PBMCs were incubated with FITC-labeled E. coli for 10 min followed by
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viable monocytes, FITC-positive cells were assessed as monocytes containing phagocytosed FITC-labeled E. coli (lower panel). B: The frequency of
monocytes containing phagocytosed E. coli in patients with diabetes (M, n = 33) was less than that in healthy volunteers ([J, n = 28). Data are

expressed as means = SEM. *P < 0.05.

patients having A1C <9.0%, as assessed by RTD-PCR (Fig.
1C). These data suggest that the monocytes of patients
with diabetes are susceptible to apoptosis, especially
under conditions of poor glycemic control.

Attenuated function of monocytes from patients with
diabetes. To determine whether functional alterations
exist in monocytes isolated from the 33 patients with

diabetes.diabetesjournals.org

diabetes, we cocultured the monocytes with FITC-labeled
E. coli and counted the number of fluorescent monocytes
that phagocytosed the labeled E. colt by flow cytometry.
The ratio of monocytes that phagocytosed E. coli to all
monocytes in patients with diabetes was higher than in
the healthy volunteers (Fig. 2A and B). No significant
correlation was observed between the ratio of phagocy-
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expressed as means = SEM. *P < 0.05, **P < 0.01.

tosed E. coli and A1C levels among the patients (data
not shown).

Next, we assessed the responsiveness of monocytes to
external pathogenic stimuli in vitro. Monocytes typically
express pattern-recognition molecules such as the TLRs
that are important for innate immunity against various
pathogens (13,14). The expression levels of TLR2, TLR3,
and TLR4 were not significantly different between mono-
cytes from patients with diabetes and those from healthy
volunteers, as assessed by RTD-PCR (Fig. 34) and flow
cytometry (data not shown). We also found that transcrip-
tional expression of TLR signal molecules (MyD88, IRAK1,
and TRAF6 for TLR2 and TLR4 signaling and TRIF for
TLR3 signaling) was not altered in diabetic monocytes
compared with nondiabetic monocytes (data not shown).
Next, we exposed the monocytes from the patients with
diabetes and healthy volunteers to the TLR ligands, PGN
(a TLR2 ligand), Poly (I.C) (a TLR3 ligand), and LPS (a
TLR4 ligand) and measured the expression of the proin-
flammatory cytokine genes, TNF-a and IL-1B. After incu-
bation, the expression of the cytokines was not
significantly different between the groups (Fig. 3B), but the
responsiveness to PGN, Poly (I:C), and LPS was signifi-
cantly attenuated in monocytes from patients with diabe-
tes compared with those from healthy volunteers as
assessed by RTD-PCR (Fig. 3C and D). These results
demonstrate that the monocytes of patients with diabetes
are functionally impaired, which implies that they could
contribute to immune deficiency in diabetes.

638 DIABETES, VOL. 59, MARCH 2010

ER stress is a molecular feature of impaired monocytes.
To elucidate the molecular features of the diabetic mono-
cytes that were distinctly susceptible to apoptosis, DNA
microarray analysis was performed on CD14% cells iso-
lated from five randomly selected patients with diabetes
and five healthy volunteers. These subjects demonstrated
clinical features near the median of all study subjects.
Unsupervised hierarchic clustering analysis was per-
formed to assess the gene expression profiles of mono-
cytes obtained from patients with diabetes and healthy
volunteers; 17,184 filtered genes were evaluated after
excluding genes that were not expressed or those with low
expression levels that prevented their analysis in 50% of
the cases. As shown in Fig. 44, two completely discernible
clusters formed between the patients with diabetes and
the healthy volunteers.

We identified 813 genes that were upregulated in the
monocytes from patients with diabetes compared with those
of healthy volunteers (P < 0.05, Student ¢ test). Analysis of
the biological processes concerning these genes was per-
formed using GenMAPP. The identified genes were shown to
be involved in posttranslational protein modification systems
occurring in the Golgi apparatus or were involved in ER
stress (Table 2 and supplementary Table 1, available in an
online appendix at http:/diabetes.diabetesjournals.org/
cgi/content/full/db09-0659/DC1). The elevated expression
of genes related to ER stress, such as CHOP and BiP, was
confirmed using RTD-PCR; the expression of these genes
was significantly higher in the monocytes from the 33
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ER stress-induced apoptosis and attenuation of TLR

patients with diabetes than in those from the 28 healthy
signaling in human monocytes. The results described

volunteers (Fig. 4B). In contrast, no significant difference

in the expression of these genes was observed in CD4"
T-cells from patients with diabetes and healthy volunteers
(Fig. 40).

Electron microscopy further confirmed ER stress in the
monocytes derived from patients with diabetes. As shown
in Fig. 4D, morphologic alterations of the ER such as
corruption of concentric, continuous, and regular layer
structure and a decreased number of ribosomes on the ER
membrane were evident from the electron photomicro-
graphic images.

diabetes.diabetesjournals.org

above indicated that the monocytes from patients with
diabetes have compromised immunologic function and
that ER stress is a distinct feature in these cells. To
determine whether ER stress could be a mechanism
underlying the observed increase in apoptosis and de-
creased responsiveness to TLR ligands, CD14" cells iso-
lated from a healthy volunteer were treated with the ER
stress inducer, tunicamycin (1 pg/ml), in AIM-V media. As
shown in Fig. 5A and B, an increased number of apoptotic
cells was observed among monocytes treated with tunica-
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TABLE 2
Biological processes for upregulated genes in monocytes of
diabetic patients

Z score  Permute P value
MAPP name

Golgi apparatus 3.383 0.000
Ribosomal proteins 3.691 0.002
Unfold protein binding 2471 0.026
Intracellular protein

transport 2.310 0.029
Enzyme-linked receptor

protein signaling pathway 2.175 0.042
Nuclear receptor 2.316 0.043
Gametogenesis —1.998 0.049

mycin compared with untreated monocytes after >6 h of
incubation. Treatment of monocytes with a higher concen-
tration of tunicamycin (5 wg/ml) induced more apoptosis
(Fig. A and B), and when monocytes were treated with
tunicamycin for 12 h, the activity of the proapoptotic
protease, caspase-3, significantly increased (Fig. 5C).
Treatment with tunicamycin coordinately decreased the
expression of BCL-2 (Fig. 5D) and increased the expres-

sion of the ER stress markers, CHOP and BiP (Fig. 5E).
These results suggest that ER stress promotes apoptosis of
human monocytes.

Next, we investigated how tunicamycin-induced ER
stress affected the responsiveness of human monocytes to
TLR ligands. Treatment of monocytes with tunicamycin
for 6 h did not affect the transcriptional and translational
expression of TLR2 and TLR4 (data not shown). As shown
in Fig. 6A-C, however, the expression of the proinflamma-
tory cytokines TNF-a, IL-18, and IL-6 was downregulated
after stimulation with TLR2 and TLR4 ligands. Further-
more, the production of TNF-o, IL-1B, and IL-6 in media
was measured by ELISA and found to decrease after
treatment of human monocytes with tunicamycin and after
stimulation with TLR2 or TLR4 ligands (Fig. 6D-F). How-
ever, tunicamycin-induced ER stress did not affect expres-
sion after treatment of monocytes with the TLR3 ligand,
Poly (I:C) (data not shown).

DISCUSSION

In the present study, we observed that PBMCs from
patients with diabetes were more susceptible to apoptosis
compared with PBMCs from healthy volunteers and that
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CD14" monocytes comprised the primary PBMC subpopu-
lation undergoing apoptosis. We also found that CD14"
monocytes from patients with diabetes were hyporespon-
sive to TLR ligands and that they had attenuated phago-
cytotic activity. Transcriptional analysis and electron
microscopy revealed the presence of ER stress in the
affected diabetic monocytes. Consistently, monocytes iso-
lated from nondiabetic patients showed a similar increase
in apoptosis and a weakened response to TLR ligands,
when they were treated with tunicamycin, indicating that
ER stress may be a pivotal mechanism underlying the
decreased immunologic function observed in patients with
diabetes.

As innate immune-defense mediators, monocytes are
capable of ingesting exogenous pathogens to protect the
host from infectious diseases. Previous studies have
shown that phagocytosis in diabetic neutrophils and
monocytes is attenuated (10,11). Similarly, in our study
population, monocytes from patients with diabetes were
less capable of phagocytosing E. coli pathogens compared
with monocytes derived from healthy volunteers. This
novel finding might explain, at least in part, the decrease in
immune function characteristic of patients with diabetes
(16). Nevertheless, the detailed mechanisms underlying
diabetes-induced decreases in phagocytotic activity re-
main unclear, because simple high-glucose concentration
neither affected the phagocytotic activity and TLR expres-
sion nor induced ER stress in nondiabetic monocytes in
vitro (data not shown).

The TLRs are pattern-recognition receptors that are
important for recognizing pathogens, inducing proinflam-
matory responses, and preventing the host from acquiring
infectious diseases (17-20). The expression of TLRZ,

diabetes.diabetesjournals.org

TLR3, and TLR4 in CD14" monocytes was similar between
patients with diabetes and healthy volunteers. The admin-
istration of a high dose of insulin downregulates TLR
expression (21). Transformed monocyte-lineage blastoma
cells showed increased TLR expression under hyperglyce-
mic conditions in vitro (22). Type 2 diabetes is character-
ized as a state of inadequately controlled glycemia
associated with hyperinsulinemia due to peripheral insulin
resistance (1). Taken together, the TLR expression may be
affected by hyperglycemia and hyperinsulinemia in a com-
plex manner. In contrast to the previous finding that
monocytes from patients with diabetes were hypersensi-
tive to the TLR ligand, LPS (23,24), we observed that the
TNF-a and IL-1B expression from monocytes derived from
patients with type 2 diabetes diminished after exposure to
PGN, Poly I.C, and LPS—ligands of the TLR2, TLR3, and
TLR4 receptors, respectively. These data suggest that
diabetes perturbs signaling downstream of the TLRs. In
this study, we collected CD14" monocytes from PBMCs
via enrichment using magnetic beads; this protocol was
used to remove T-cells, NK cells, B-cells, dendritic cells,
and basophils from the PBMC mixture. This is in contrast
to the methodology used to isolate these cells in many
other studies, in which monocytes were obtained as
adherent cells in the culture dish or by a rosetting tech-
nique (25,26). CD14™ cells have been shown to be com-
posed of multiple subtypes of activated states; the
classical monocyte-isolation methods used in the other
studies might unknowingly remove the fraction of mono-
cytes that are susceptible to apoptosis (27). More than half
of the CD14™ diabetic monocytes isolated in this study
were dead after 12-h incubation, even in media containing
physiological concentration of glucose (data not shown).
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Our current data showing attenuation of TLR responsive-
ness to ligands in diabetic monocytes suggest that initial
immune responses that are normally triggered by viruses,
bacteria, and parasites could be impaired in diabetes,
which is consistent with epidemiologic data showing a
high incidence of infection in patients with diabetes (3-5).

Gene expression and electron microscopic analysis of
monocytes derived from patients with diabetes showed
active signatures of ER stress; this is important because
ER is an organelle essential for the proper folding and
glycosylation of proteins after protein synthesis (28).
When cells are under ER stress, protein kinase R-like ER
kinase, inositol-requiring enzyme 1, and activating tran-
scription factor 6 are activated and function in the adap-
tation to stress, proper folding of proteins, and removal of
harmful unfolded proteins, respectively (29,30). However,
prolonged ER stress leads to apoptotic cell death, which is
mediated by CHOP (31). CHOP is a crucial and specific
molecule for ER stress-induced apoptosis and alters the
transcription of the BCL-2 gene family members (32). The
current study showed that diabetic monocytes had in-
creased levels of ER stress-related apoptotic molecules.
Moreover, nondiabetic monocytes treated with tunicamy-
cin, an ER stress inducer, underwent apoptosis in a
manner similar to monocytes derived from patients with
diabetes. From these data, we conclude that ER stress
contributes to the susceptibility of diabetic monocytes to
apoptosis.

We also observed that tunicamycin-induced ER stress
diminished TLR2 and TLR4 signaling without altering
expression of TLRs. Tunicamycin induces ER stress by
disturbing N-linked glycosylation (33), and previous re-
ports suggest that perturbations in this glycosylation at-
tenuate TLR2 and TLR4 signaling in vitro (34,35). Hence,
these data collectively indicate that ER stress may under-
lie decreases in TLR2 and TLR4 signaling and affect
immune function in patients with diabetes.

TLR3 signaling is different from the other TLR signaling
pathway; for example, it is independent of MyD88. TLR2
and TLR4 are expressed on the cell surface, whereas TLR3
is expressed in intracellular compartments such as endo-
somes (13), and its ligands require internalization before
signaling occurs. This suggests that disturbances in TLR3
signaling in diabetic monocytes may be due to reasons
other than ER stress. Further investigations are needed to
elucidate the detailed mechanisms of attenuated TLR
signaling in monocytes from patients with diabetes.

ER stress has been shown to be a mainstay of the
diabetic condition. Its pathologic importance in diabetes is
especially important in pancreatic B-cells, in which glu-
cose toxicity results in ER stress and insufficient insulin
secretion (36-38). The current study suggests that mono-
cytes are yet another population of cells vulnerable to
hyperglycemia-induced ER stress and dysfunction. Never-
theless, the mechanisms that render pancreatic p-cells and
monocytes vulnerable to ER stress in patients with diabe-
tes remain uncertain.

Diabetes is considered a chronic inflammatory disease.
Activated macrophages that produce proinflammatory cy-
tokines such as TNF-a, IL-1B, and IL-6 are thought to
contribute to insulin resistance in muscle and adipose
tissues (39,40). Furthermore, the atherosclerotic compli-
cations in patients with diabetes have a basis in inflamma-
tion; local inflammatory foci in atherosclerotic lesions are
commonly composed of foam cells derived from activated
macrophages (41,42). Further studies are needed to deter-

642 DIABETES, VOL. 59, MARCH 2010

mine whether different subpopulations of monocyte-de-
rived cells, for example, systemically circulating and
locally residing inflammatory cells, are susceptible to
hyperglycemia-induced ER stress and dysfunction.

In conclusion, our findings show that CD14* monocytes
are susceptible to ER stress-induced alterations in inflam-
matory signaling and apoptosis, which may play a role in
the decreased immune function observed in patients with
diabetes. Further investigations are needed to discern the
mechanisms of diabetes-induced ER stress and perturba-
tions in inflammatory signaling in CD14™ monocytes.
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Oda and colleagues (1) reported that elevated liver en-
zymes, such as alanine aminotransferase (ALT) and gamma-
glutamyltransferase (GGT), are related to metabolic syn-
drome (MetS) in Japanese men and women. One of the
main causes of abnormal liver function is fatty liver disease.
Recently, it was reported that non-alcoholic fatty liver dis-
ease (NAFLD) is related to cardiovascular disease
(CVD) (2-5) and to most cardiovascular risk factors, includ-
ing diabetes, hypertension, hyperlipidemia, and MetS (2, 5-
7). Some of the suggested biological mechanisms linking
NAFLD and accelerated atherosclerosis are insulin resis-
tance, oxidative stress, inflammation, adiponectin and other
adipocytokines, and abnormal lipoprotein metabolism (8, 9).

Insulin resistance and visceral adipose tissue are the two
major risk factors underlying MetS, and play a pivotal role
in the development of NAFLD and atherosclerosis. These
confounding factors should be considered when evaluating
the relationships among NAFLD, MetS, and atherosclerosis.
Some prospective studies showed that increases in liver
function parameters, such as GGT (2, 3) and ALT (4), are
associated with the incidence of CVD events, even after ad-
justing for body mass index (BMI) and other components of
MetS. In contrast, in an 11-year follow-up of Australians,
Adams et al (6) showed that the presence of NAFLD did
not increase the risk of MetS after adjusting for baseline
waist circumference and other components of MetS.
McKimmie et al (10) evaluated the association between he-
patic steatosis and carotid atherosclerosis in the Diabetic
Heart Study, and suggested that hepatic steatosis is unlikely
a direct mediator of CVD. In other epidemiological studies
that evaluated the association between NAFLD and MetS or

CVD, the role of obesity was not evaluated fully, although
most of those with NAFLD or elevated liver enzymes
tended to have higher BMIs or waist
ences (1, 5, 7). There is insufficient epidemiological evi-
dence in clinical practice to determine whether NAFLD is
related to MetS and CVD directly, beyond obesity and insu-
lin resistance.

In Western countries, the prevalence of NAFLD is be-
tween 24 and 42% (11, 12), and NAFLD is widely reported
to be the most common chronic liver condition. In Asian
countries, NAFLD is assumed to be less common. However,
the reported prevalence of NAFLD in Asian populations
ranges from 5-40% and the increase in NAFLD is also an
important problem in Asia (13). Recently, a prospective
study in China showed that NAFLD was closely associated
with the onset of metabolic disorders, even among non-
obese subjects (14). Subsequently, data from lean NAFLD
patients in Asia would provide insight into whether NAFLD
increases the risk of MetS or CVD beyond obesity.

Patients with NAFLD are at higher risk for MetS and
CVD, and thus should be monitored intensively to reduce
the risk factors for atherosclerosis. However, further epide-
miological studies are needed to evaluate whether the pres-
ence of NAFLD or elevated liver enzymes should be dealt
with as a component of MetS, as is the case with other clas-
sical CVD risk factors.
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