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Introduction
Type 1 diabetes (T1D) is an autoimmune disease characterized by 
the destruction of insulin-producing β cells, which results in insulin 
deficiency (1). Both genetic and environmental factors play import-
ant roles in the development of islet autoimmunity and subsequent 
progression to T1D (2, 3). Inflammation-induced β cell destruction 
involves islet infiltration by macrophages and T and B cells and 
their production of proinflammatory cytokines and free radicals 
(4–6). Also, circulating factors such as elevated free fatty acids and 
high glucose levels promote islet destruction (7–11). Abrogating 
autoimmunity and increasing β cell regeneration, proliferation, 
and transdifferentiation in the pursuit of a cure for T1D in humans 
remain major challenges. In addition, although markers to predict 
T1D have improved, there is still a dire need for novel approaches 

to halt the progression of the autoimmune response to prevent T1D 
in islet antibody–positive individuals who have not yet developed 
overt diabetes. Attempts to prevent T1D have included the study of 
antigen-specific therapies and systemic immunomodulatory and 
immunosuppressive agents (12,13). Many of these trials resulted 
in only transient β cell preservation and/or adverse effects due to 
generalized immune suppression. Immune modulation with com-
pounds such as anti-CD3, CTLA-4 Ig, or anti-CD20 antibodies 
have proven heterogeneous in their efficacy in new-onset T1D. Islet 
transplantation has also been pursued, but it has several limita-
tions including a shortage of donors, fibrosis of transplanted islets, 
and side effects of immunosuppressive agents (14, 15). Therefore, 
agents are needed that are safe, can induce immune tolerance to 
β cells, and can preserve β cells and enhance endogenous insulin 
production in humans at risk for or with overt T1D.

Specific classes of lipids have been suggested to modulate 
inflammation and diabetes risk in mouse models of T1D. In islets, 
sulfatide, a glycosphingolipid, and sphingosine-1 phosphate, a sphin-
golipid, inhibit the production of proinflammatory cytokines (16), 
attenuate cytokine-induced β cell apoptosis (17), and reduce the inci-
dence of diabetes in the nonobese diabetic (NOD) mouse model of 
autoimmune T1D (18). Other lipids such as omega-3 polyunsaturated 
fatty acids (PUFAs) and resolvins have antiinflammatory and immu-
nomodulatory effects in a wide array of diseases (e.g., autoimmunity 
and infection) (19–21). The possibility that omega-3 fatty acids may 
have antiinflammatory effects in humans is suggested by a study 
involving healthy adults, which showed that daily fish oil consump-
tion resulted in lower cytokine levels in mononuclear cells (22). This 
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vention; protocol shown in Supplemental Figure 1B), when insuli-
tis is established (29). We found that serum 5- and 9-PAHSA lev-
els were increased 4- to 5-fold after 6 weeks of PAHSA treatment 
compared with levels in vehicle-treated NOD mice (Figure 1A). 
To determine how rapidly serum PAHSA levels rise with daily oral 
gavage, we measured levels in chow-fed C57Bl/6J mice at earlier 
time points after PAHSA administration. Following oral gavage of 
5- and 9-PAHSA, serum 9-PAHSA levels were increased by approx-
imately 1.7-fold after 1 week of treatment and by approximately 2.9-
fold after 2 weeks of treatment, and serum 5-PAHSA levels were 
increased by approximately 2.7-fold after 1 week of treatment and 
by approximately 4-fold after 2 weeks of treatment compared with 
baseline levels (Supplemental Figure 1C). These data indicate that 
serum PAHSA levels were increased as early as  after 1 week of treat-
ment, increased further after 2 weeks of treatment, and remained 
stably increased until at least week 6 of treatment (Figure 1A).

Chronic 5- and 9-PAHSA treatment in NOD mice had no effect 
on body weight (Figure 1B and Supplemental Figure 1D) or tissue 
weights (Supplemental Figure 1E). However, PAHSA treatment 
starting at 4 weeks of age delayed T1D onset by 3 weeks, reduced 
the cumulative T1D incidence from 82% in the vehicle-treated 
mice to 35% (Figure 1C), and improved the survival rate from 22% 
for vehicle-treated mice to 78% for PAHSA-treated mice (Supple-
mental Figure 1F). Initiating PAHSA treatment in mice at 13 weeks 
of age also reduced the cumulative diabetes incidence from 90% 
in vehicle-treated mice to 40% in PAHSA-treated mice (Figure 1D) 
and improved the survival rate from 38% for vehicle-treated mice 
to 92% for PAHSA-treated mice (Supplemental Figure 1F). The late 
intervention study was terminated at 26 weeks of age, since 8 of 13 
of the vehicle-treated mice died, 4 of the remaining vehicle-treated 
diabetic mice were sick, and only 1 mouse was not diabetic. We were 
able to continue the early treatment study longer, out to 30 weeks 
of age, because of better survival rates (Supplemental Figure 1F). 
The divergence in diabetes incidence began at 15 weeks of age in 
the mice that received early treatment (Figure 1C) and at 16 weeks 
of age in those that received later treatment (Figure 1D). Since we 
reported that PAHSAs directly enhance GSIS in human islets ex 
vivo and in mice in vivo (25, 30), we tested whether chronic PAHSA 
treatment in NOD mice enhances GSIS, which could contribute to 
the maintenance of normal glycemia. Figure 1E shows that 5- and 
9-PAHSA treatment starting from 4 weeks of age increased serum 
insulin levels in mice fed ad libitum compared with levels in vehi-
cle-treated mice at 10 weeks of age (6 weeks of treatment), and the 
effect was even greater at 17 weeks of age (13 weeks of treatment). 
Only nondiabetic mice were included in the study. To determine 
whether the increase in insulin levels was due to increased GLP-
1 levels, we measured serum total GLP-1 levels in ad libitum–fed 
vehicle- and PAHSA-treated NOD mice. Total GLP-1 levels were 
unchanged with PAHSA treatment compared with vehicle treat-
ment, whether we included or excluded the diabetic mice (Figure 
1F). Five of the 6 diabetic mice had higher GLP-1 levels than did 
nondiabetic mice. Furthermore, PAHSA treatment potentiated 
GSIS (Figure 1G), which resulted in lower glycemia after glucose 
gavage (Figure 1H) compared with vehicle treatment. In addition, 
PAHSA-treated NOD mice were more glucose tolerant than were 
vehicle-treated mice, as evidenced by lower glucose excursion 
during the oral glucose tolerance test (OGTT) and a reduced AUC 

led to NOD mouse studies, which showed that dietary omega-3 fatty 
acids or enhancing endogenous production of omega-3 fatty acids 
reduces the incidence of T1D by blocking the development of auto-
immunity and promoting islet regeneration (23). These lipids also 
prevent lymphocyte infiltration into regenerated islets in NOD mice 
(23). Overall, although the results from studies using antiinflamma-
tory lipids in NOD mice are promising, studies in humans who have 
an increased risk for or established T1D have either been negative or 
inconclusive, often due to challenges with the experimental design 
(24). Therefore, identifying antiinflammatory lipids that are safe and 
effective could lead to new therapeutic agents for T1D. Also, the sig-
naling pathways that mediate the effects of these lipids may provide 
additional therapeutic targets.

Our laboratory previously described a novel lipid class pres-
ent in mammals and plants, which we named branched fatty acid 
esters of hydroxy fatty acids (FAHFAs). These showed beneficial 
metabolic and antiinflammatory effects (25). More than 24 FAHFA  
family members have been identified (25–27), and the levels of 
multiple isomers of at least 1 FAHFA family member, palmitic 
acid hydroxy stearic acids (PAHSAs), are lower in the serum and 
adipose tissue of insulin-resistant humans (25). PAHSAs directly 
augment glucose-stimulated insulin secretion (GSIS) from human 
pancreatic islets and glucagon-like peptide 1 (GLP-1) secretion 
from enteroendocrine cells (25). Furthermore, PAHSAs have 
antiinflammatory effects that include attenuation of proinflam-
matory cytokine production by adipose tissue macrophages in 
insulin-resistant obese mice and a reduction of LPS-induced den-
dritic  cell activation and the subsequent proinflammatory cyto-
kine production in vitro (25, 26). PAHSAs also have antiinflamma-
tory effects in the gut and protect mice from experimental colitis 
by decreasing colonic inflammation (28). Some of the effects in 
immune cells appear to be mediated by the G protein–coupled 
receptor GPR120 (28). Because PAHSAs have direct effects on 
islet β cells and immune cells (25, 26, 28), we hypothesized that 
PAHSAs may attenuate pathways involved in immune-mediated  
β cell destruction and reduce the incidence of T1D. Here, we 
report that chronic oral PAHSA treatment delayed the onset and 
decreased the incidence of T1D in NOD mice by attenuating islet 
inflammation, increasing β cell proliferation and numbers, and 
exerting direct protective effects that increased β cell survival 
and function through mechanisms involving ER stress reduction. 
This appeared to be mediated in part by glucagon-like peptide 1 
receptor (GLP-1R) and not by GPR40. The fact that the same PAH-
SA isomers are present at similar concentrations in humans and 
mice (25) may facilitate translating dosing regimens from mice to 
humans, which has been a challenge in studies of other potential 
therapeutic agents (24). Thus, PAHSAs could potentially be used 
as therapeutic agents to treat T1D, and the pathways they engage 
could provide additional new targets for β cell preservation in T1D.

Results
Chronic PAHSA treatment delays the onset and reduces the incidence 
of diabetes in NOD mice. We tested whether chronic 5- and 9-PAH-
SA treatment delays the onset and attenuates the incidence of T1D 
in female NOD mice. Treatment in mice was started either at 4 
weeks of age (early intervention; protocol shown in Supplemental 
Figure 1A), before insulitis appears, or at 13 weeks of age (late inter-
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NOD mice, we examined the effects on insulitis and inflamma-
tory immune markers. PAHSA treatment for 6 weeks, starting in 
4-week-old mice, had a tendency to lower the insulitis score (P = 
0.06) compared with vehicle-treated mice (Figure 2A). PAHSAs 
had a subtle effect on the number of clear islets (no infiltration: 
vehicle 50% ± 6% vs. PAHSA 65% ± 5% of islets; P < 0.05) and on 
the overall severity of insulitis (destructive intra-insulitis: vehicle 
23% ± 5% vs. PAHSA 13% ± 2%; P < 0.05) (Figure 2B). Flow cyto-
metric analysis of the pancreatic infiltrates from mice treated for 7 
weeks with PAHSAs (11 weeks of age) showed a similar number of 
leukocytes (CD45+ cells) compared with vehicle-treated mice (Fig-
ure 2C). But at 15 weeks of age, after 11 weeks of treatment, leu-

(Figure 1I). These data demonstrate that PAHSAs potentiate GSIS 
and improve glucose tolerance in NOD mice, effects that may 
have resulted from increased β cell survival and proliferation (see 
below). In sum, PAHSA treatment protected against the develop-
ment of T1D in mice with incipient and established insulitis. In 
addition, chronic 5- and 9-PAHSA treatment was safe, was not 
associated with liver or renal toxicity, as measured by serum ala-
nine amino transferase and creatinine levels, and did not alter liver 
triglyceride content (Supplemental Figure 1G).

Chronic 5- and 9-PAHSA treatment has minimal effects on 
insulitis but reduces pancreatic T cell activation in NOD mice. To 
determine the mechanisms by which PAHSAs attenuate T1D in 

Figure 1. Chronic PAHSA treatment delays the onset and reduces the incidence of diabetes in NOD mice. Female NOD mice were treated with vehicle and 5- and 
9-PAHSA (each 15 mg/kg BE/day). (A) Serum 5- and 9-PAHSA levels at 6 weeks of PAHSA treatment. n = 5–6/group. *P < 0.05 versus vehicle. Data indicate the 
mean ± SEM. Differences between groups were assessed by 2-tailed Student’s t test. (B) Body weight over 26 weeks of treatment, starting from 4 weeks of age.  
n = 22–23/group. (C) Cumulative diabetes incidence in NOD mice treated with PAHSAs for 26 weeks starting at 4 weeks of age (n = 22–23/group). **P < 0.001 
versus vehicle. Differences between groups were assessed by log-rank test (z = 4.12). (D) Cumulative diabetes incidence in NOD mice treated with PAHSAs for 13 
weeks starting at 13 weeks of age (n = 13/group). **P < 0.001 versus vehicle. Differences between groups were assessed by log-rank test (z = 3.51). (E) Serum insu-
lin levels at 6 and 13 weeks of PAHSA treatment in ad libitum–fed NOD mice from the early intervention group (n = 14–12/group). *P < 0.05 versus vehicle. Data 
indicate the mean ± SEM. Differences between groups were assessed by 2-tailed Student’s t test. (F) Serum total GLP-1 levels at 15 weeks of PAHSA treatment  
(n = 12/group). The red data points represent diabetic mice in the vehicle- and PAHSA-treated groups. Glucose-stimulated insulin secretion (GSIS) (G) and glycemia 
during GSIS (H) at 9 weeks of PAHSA treatment (n = 10–11/group). *P < 0.05 versus the t0 time point within the group. (I) Oral glucose tolerance test (OGTT) at 
11 weeks of PAHSA treatment. n = 9–11/group. *P < 0.05 versus vehicle. For G–I, data indicate the mean ± SEM. Differences between groups were assessed by a 
repeated-measures ANOVA with a Newman-Keuls multiple-comparisons test. For E–I, only nondiabetic mice were included in the study. For G, the only PAH-
SA-treated mouse that did not show an increase in insulin secretion in response to glucose at 13 weeks of age subsequently became diabetic at 17 weeks of age.
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shown) was unaltered with PAHSA treatment. In addition, PAHSA 
treatment did not alter the percentage of Foxp3+CD4+ T cells (Tregs) 
(Figure 2F, gating strategy) or expression of CD25 on Tregs (Supple-
mental Figure 2D), but increased Foxp3 protein levels in pancreatic 
Tregs (Figure 2G). Furthermore, the MFI of CD86 and the percent-
age of MHC-II+ cells (Supplemental Figure 2E) were unaltered with 
PAHSA treatment. Together, these data suggest that chronic PAHSA 
treatment delays the onset of T1D and reduces its incidence in NOD 
mice by attenuating leukocyte infiltration and T cell activation.

PAHSA treatment increases islet β cell proliferation under cyto-
kine stress. We next determined whether PAHSAs increase pancre-
atic β cell proliferation during cytokine insult. PAHSA treatment 
of NOD mice for 7 weeks starting from 4 weeks of age attenuated 
inflammation, resulting in the maintenance of islet architecture 
and less islet expansion (Figure 3A). Vehicle-treated mice showed 

kocyte infiltration was increased by 2-fold in the vehicle-treated  
mice, with no increase observed in PAHSA-treated mice (Figure 
2C). We detected a reduction in the total number of pancreatic- 
infiltrating immune cells in PAHSA-treated mice for nearly all cell 
populations examined, but the fractional representation of these 
immune cells within the bulk CD45+ compartment appeared to 
be unaltered in the PAHSA- versus vehicle-treated mice (Supple-
mental Figure 2, A and B). However, the percentage of B cells was 
significantly lower with PAHSA treatment compared with the per-
centage seen with vehicle treatment (Supplemental Figure 2B).

Furthermore, PAHSA treatment for 11 weeks resulted in a 
concomitant reduction in T cell activation as measured by CD69 
expression (Figure 2D, gating strategy). The population of T cells 
expressing IFN-γ (Figure 2E, gating strategy), programmed cell 
death 1 (PD-1) (Supplemental Figure 2C), and IL-10 (data not 

Figure 2. Chronic 5- and 9-PAHSA treatment has a minimal effect on insulitis but reduces pancreatic T cell activation in NOD mice. Female NOD mice 
were treated with vehicle or 5- and 9-PAHSAs for 6 weeks starting at 4 weeks of age. (A) Insulitis score and (B) percentage of islets that were clear or 
had peri-insulitis or intra-insulitis. Islets (50–100/mouse) were scored for insulitis. n = 16–17/group (A and B). *P < 0.05 versus vehicle-treated mice; ‡P = 
0.06 versus vehicle-treated mice. (C) Total number of CD45+ cells per gram of pancreata from mice treated with 5- and 9-PAHSAs or vehicle for 7 weeks (11 
weeks of age) or 11 weeks (15 weeks of age). n = 4–5/group. ****P < 0.0001 versus vehicle-treated mice. Percentage of CD69+ T cells (D) and IFN-γ+ T cells 
(E) in gated CD4+ and CD8+ T cell population in pancreata from mice treated with 5- and 9-PAHSAs or vehicle for 11 weeks. Representative cytofluorometric 
dot plots and summary data are shown (n = 4–5). *P < 0.05 versus vehicle-treated mice. (F) Proportions of Foxp3+ cells within the CD4+ T cell population 
in pancreata from 5- and 9-PAHSA– or vehicle-treated mice. Representative cytofluorometric dot plots and summary data are shown (n = 4–5). (G) Foxp3+ 
MFI in pancreata from 5- and 9-PAHSA– or vehicle-treated mice (n = 4–5). *P < 0.05 versus vehicle-treated mice. Data indicate the mean ± SEM. Differenc-
es between groups were assessed by 2-tailed Student’s t test.
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cell infiltration. Furthermore, with chronic PAHSA treatment, the 
mean β cell cross-sectional area was reduced by 21%, and the β cell 
volume was reduced by 28% (Figure 3C) compared with what we 
observed in the vehicle-treated mice. The fact that the β cell area 
per islet was increased indicates that PAHSA-treated animals had 
more β cells per islet (Figure 3C). In addition, the insulin intensity 

enlargement of islets and loss of normal islet architecture due to 
immune cell infiltration. We measured the relative β cell and α cell 
area per islet but not the total β cell mass. PAHSA-treated mice 
had a larger β cell area relative to the total islet area and a ten-
dency toward a larger relative α cell area compared with vehicle- 
treated mice (Figure 3B). This was largely due to reduced immune 

Figure 3. PAHSA treatment increases islet β cell proliferation under cytokine stress. Female NOD mice were treated with vehicle or 5- and 9-PAHSAs for 7 
weeks starting at 4 weeks of age. None of the vehicle- or PAHSA-treated mice at this age were diabetic and all had glycemia levels below 150 mg/dL following 
ad libitum feeding. (A) Islet inflammation and architecture. Scale bars: 100 μm. (B) Percentage of β cell and α cell area per islet. (C) β Cell cross-sectional area, β 
cell volume, β cell numbers, and insulin intensity. (D) β Cell proliferation and liver proliferation were determined by Ki67 staining (n = 4–7/group). *P < 0.05 versus 
vehicle-treated mice. For B–D, data indicate the mean ± SEM. Differences between groups were assessed by 2-tailed Student’s t test. (E) MIN6 cells were treated 
with cytomix (5 ng/mL TNF-α plus 5 ng/mL IL-1β plus 10 ng/mL IFN-γ) in the presence of 5- or 9-PAHSA (20 μm each) for 48 hours, and β cell proliferation was 
measured by BrdU incorporation (n = 10, for 8 wells/condition). #P < 0.05 versus control with no PAHSAs; *P < 0.05 versus cytomix alone and control alone. (F) 
Cell tracer–tracked MIN6 cells were treated with either diluent or IL-1β (10 ng/mL) for 48 hours in the presence of 5- or 9-PAHSA (5 and 20 μM). The percentage 
of MIN6 cell proliferation versus control was measured by flow cytometry (n = 3 wells/condition). *P < 0.05 versus control alone and IL-1β alone. Studies in E and 
F were performed twice. (G) MIN6 cells were treated with cytomix (5 ng/mL TNF-α plus 5 ng/mL IL-1β plus 10 ng/mL IFN-γ) in the presence of 5- and 9-PAHSAs 
(20 μM each), exendin(9-39) (10 nM), and GW1100 (10 μM) for 24 hours, and MIN6 cell proliferation was measured by BrdU incorporation into cells (n = 8 for 12 
wells/condition). #P < 0.05 versus control alone; *P < 0.05 versus cytomix alone, and control alone; †P < 0.05 versus cytomix with PAHSAs. Data indicate the 
mean ± SEM. Differences between groups were assessed by ANOVA with Bonferroni’s multiple comparisons test.
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per islet area appeared to be increased in PAHSA-treated NOD 
mice compared with vehicle-treated mice, indicating more insu-
lin content per islet (Figure 3C and see Supplemental Figure 3A 
for a diagram of the region of interest [ROI]). In PAHSA-treated  
nondiabetic NOD mice, β cell proliferation appeared to be 
increased, since the islets in these mice had an increased percent-
age of cells double-positive for insulin and Ki67 compared with 
vehicle-treated nondiabetic NOD mice (Figure 3D). This finding 
suggests that PAHSAs promote β cell proliferation in nondiabetic 
NOD mice with normal glycemia and that hyperglycemia is not 
necessary to promote β cell proliferation. However, the prolifera-
tion could be a response to insulitis in these mice. This was not a 
generalized proliferative effect, since liver from PAHSA-treated 
mice did not show an increase in Ki67+ cells (Figure 3D). Thus, 
the increase in β cell numbers and insulin intensity per islet area 
(Figure 3C) may have resulted from an increase in β cell prolifer-
ation (Figure 3D) and/or a decrease in β cell death (Figure 4, A–E) 
in PAHSA-treated NOD mice.

To further substantiate the proliferative effects of PAHSAs 
on β cells, we measured BrdU incorporation into MIN6 clonal β 
cells subjected to cytokine stress in the presence or absence of 5- 
or 9-PAHSA. Inflammatory cytokines such as IL-1β, TNF-α, and 
INF-γ induce β cell death in vitro. Cytomix (mixture of the cyto-
kines IL-1β, TNF-β, and IFN-γ) treatment reduced BrdU incorpo-
ration into MIN6 cells by 56%, and this was partially blocked by 
either 5-PAHSA or 9-PAHSA (Figure 3E and Supplemental Figure 
3B). In separate studies, MIN6 cell proliferation was tracked with 
CellTrace Violet in the presence of PAHSAs with or without IL-1β. 
IL-1β treatment attenuated MIN6 cell proliferation, and both 5- 
and 9-PAHSA augmented MIN6 cell proliferation in control and 
IL-1β–treated cells (Figure 3F). Together, these data indicate that 
both 5-PAHSA and 9-PAHSA enhance β cell proliferation in vitro 
and in vivo during proinflammatory cytokine stress.

PAHSAs enhance GSIS and GLP-1 secretion, and the effects 
on insulin secretion are mediated through GPR40 (25, 30). Since 
GLP-1R agonists promote β cell proliferation (31), and studies 

Figure 4. PAHSA treatment increases islet β cell viability and attenuates cytokine-induced β cell death. (A) MIN6 cells were treated with either diluent 
or IL-1β (10 ng/mL) or cytomix (TNF-α plus IL-1β plus IFN-γ; 10 ng/mL each) for 40 hours in the presence of 5- or 9-PAHSA (5 μM each). The percentage of 
viable β cells was measured by MTT assay and calculated as the percentage of DMSO control (n = 24 wells/condition). #P < 0.05 versus control DMSO; †P < 
0.05 versus control DMSO and IL-1β; *P < 0.05 versus the respective cytokine treatment. Data indicate the mean ± SEM. Differences between groups were 
assessed by ANOVA with Newman-Keuls multiple comparisons test. (B) MIN6 cells were treated with cytomix in the presence of 5- or 9-PAHSA (20 μM 
each) for 24 hours and stained with annexin V and PI. The effect of cytomix and PAHSAs on viability is expressed as a percentage of the total number of 
cells sorted (n = 6 wells/condition). *P < 0.05 versus control; #P < 0.05 versus cytomix. Data indicate the mean ± SEM. Differences between groups were 
assessed by ANOVA with Bonferroni’s multiple comparisons test. (C) Representative images of apoptotic cells in NOD mice treated for 15 weeks with 
vehicle or PAHSA starting at 4 weeks of age. Scale bars: 100 μm. Original magnification, ×256 (insets). (D) Female NOD mice were treated with vehicle or 
PAHSA for 15 weeks starting at 4 weeks of age, and the number of apoptotic cells was determined by TUNEL staining (n = 5–6/group). *P < 0.05 versus 
vehicle-treated mice. Data represent the mean ± SEM. Differences between groups were assessed by 2-tailed Student’s t test. (E) MIN6 cells were treated 
with either diluent or cytomix for 24 hours in the presence of 5- and 9-PAHSAs (20 μM each), exendin(9-39) (10 nM), and GW1100 (10 μM). The percentage 
of viable β cells was measured by MTT assay and calculated as the percentage of DMSO control (n = 8, for 12 wells/condition. #P < 0.05 versus control; *P < 
0.05 versus cytomix alone and control alone; †P < 0.05 versus cytomix with PAHSA treatment. Data indicate the mean ± SEM. Differences between groups 
were assessed by ANOVA with Bonferroni’s multiple comparisons test.
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Figure 5. PAHSA treatment attenuates β cell death 
by inhibiting ER stress. Female NOD mice were 
treated with vehicle or 5- and 9-PAHSA for 7 weeks 
starting at 4 weeks of age, and XBP-1 (A) and CHOP 
(B) intensities were determined by immunohisto-
chemical analyses (n = 4–5 mice/group). *P < 0.05 
versus vehicle-treated mice. Scale bars: 100 μm. 
Data indicate the mean ± SEM. Differences between 
groups were assessed by 2-tailed Student’s t test. (C) 
Human islets from nondiabetic donors were treated 
with thapsigargin (2 μmol/L) for 6 hours in the pres-
ence of 5-PAHSA or 9-PAHSA (20 μM each). Western 
blot analysis was performed with the cell lysates to 
determine PARP cleavage (n = 3 wells/condition, and 
each treatment condition had 250 islets in triplicate). 
Bar graphs show the densitometric analysis of the 
ratio of cleaved PARP to uncleaved PARP for each 
condition. *P < 0.05 versus control DMSO; #P < 0.05 
versus thapsigargin. ND, not determined. MIN6 cells 
were treated with thapsigargin (0.5 μM) for 6 hours 
(D) or physiological glucose (5.5 mM) or high glucose 
(25 mM) for 24 hours (E) in the presence of 5- and/
or 9-PAHSA (20 μM each). All conditions contained 
DMSO. Western blot analysis was performed to 
determine phosphorylation of JNK1/2 and ERK1/2 (n 
= 3 wells/condition). Bar graphs show the densito-
metric analysis of the ratio of p-JNK1 or p-JNK2 to the 
corresponding total JNK1 or JNK2 (D) and p-ERK1 or 
p-ERK2 to the corresponding total ERK1 or ERK2 (E) 
for each condition. SAPK, stress-activated protein 
kinase. *P < 0.05 versus no thapsigargin (D) or versus 
5.5 mM glucose (E); #P < 0.05 versus thapsigargin (D). 
Densitometric analyses of the Western blots are an 
average of 3 lanes per condition. Data in C–E indicate 
the mean ± SEM. Differences between groups were 
assessed by ANOVA with Newman-Keuls multiple 
comparisons test.
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β cell viability at levels that were comparable to cells not treated 
with cytomix after 24 hours of incubation. PAHSAs also attenu-
ated cytomix-induced apoptotic and necrotic β cell death (Figure 
4B, and see gating strategies in Supplemental Figure 4C). In the 
MTT assay, the amount of absorbance that indicates cell viabili-
ty was set to 100% in DMSO-treated control cells, whereas in the 
annexin V and PI staining assay, the viable cells were calculated 
as a percentage of the total number of cells sorted. In parallel, 
PAHSA-treated NOD mice had fewer apoptotic β cells than did 
vehicle-treated NOD mice (Figure 4, C and D). Therefore, PAH-
SAs promoted β cell survival during cytokine insult by attenuating 
apoptotic and necrotic cell death.

We next sought to determine whether the beneficial effects 
of PAHSAs on β cell viability during inflammatory stress caused 
by cytomix treatment are mediated through GLP-1R or GPR40. 
Cytomix treatment of MIN6 cells induced cell death and reduced 
cell viability by 62%, and this was partially attenuated by 5- and 
9-PAHSAs (Figure 4E). Exendin(9-39) alone attenuated MIN6 cell 
viability by 16% compared with DMSO control. MIN6 cells treated 
with cytomix, PAHSAs, and exendin(9-39) had significantly low-
er cell viability than did cells treated with just cytomix and PAH-
SA (Figure 4E), but their viability was still higher than that seen 
with cytomix treatment alone (Figure 4E). However, GW1100 
treatment either alone or in the presence of cytomix and PAHSAs 
had no effect on cell viability (Figure 4E). These data suggest that 
PAHSA effects on β cell viability under cytokine stress may be 
mediated in part by GLP-1R but not GPR40.

Cytokine-induced pancreatic β cell death is mediated via 
ER stress (32). Therefore, we investigated whether the protec-
tive effects of PAHSAs are mediated by attenuation of ER stress. 
PAHSA- treated NOD mice showed lower staining for ER stress 
markers including XBP-1, an unfolded protein response–regulat-
ed transcription factor, and CCAAT/enhancer-binding protein 
homologous protein (CHOP) in insulin-containing β cells com-
pared with vehicle treatment (Figure 5, A and B, and Supplemental 
Figure 5A). In addition, thapsigargin induced ER stress and poly 
(ADP-ribose) polymerase (PARP) cleavage in isolated human 

investigating the role of GPR40 in β cell proliferation showed 
mixed results, we sought to determine whether PAHSA effects 
on β cell proliferation during inflammatory stress are mediated 
through GLP-1R or GPR40. We tested BrdU incorporation into 
MIN6 cells subjected to cytokine stress in the presence or absence 
of 5- and 9-PAHSAs and with or without the GLP-1R antagonist 
exendin(9-39) or the GPR40 antagonist GW1100. Cytomix treat-
ment reduced MIN6 cell proliferation by 51% compared with 
DMSO control, and 5- and 9-PAHSAs increased MIN6 cell pro-
liferation under cytokine stress by 31% compared with cytomix 
alone (Figure 3G). Exendin(9-39) alone reduced BrdU incorpo-
ration by 15% compared with the DMSO control, consistent with 
previous reports which showed that GLP-1 promotes β cell survival 
and proliferation (31). MIN6 cells treated with cytomix, PAHSAs, 
and exendin(9-39) together had significantly lower BrdU incorpo-
ration into cells compared with treatment with just cytomix and 
PAHSAs (Figure 3G), but this BrdU incorporation was still higher 
than that seen with cytomix alone (Figure 3G). However, GW1100 
treatment, either alone or in the presence of cytomix and PAH-
SAs, had no effect on BrdU incorporation (Figure 3G). These data 
suggest that PAHSA effects on β cell proliferation under cytokine 
stress may be mediated in part by GLP-1R, but not GPR40.

PAHSA treatment increases islet β cell viability and attenu-
ates cytokine-induced β cell death by inhibiting ER stress. We next 
determined whether PAHSAs augment β cell viability and atten-
uate cytokine-induced apoptotic and necrotic β cell death in vitro. 
Treatment of MIN6 cells with either IL-1β or cytomix decreased 
β cell viability as measured by MTT assay (Figure 4A). Both 
5-PAHSA and 9-PAHSA increased β cell viability during inflam-
matory stress caused by either IL-1β alone or cytomix at 24, 40, 
and 48 hours of incubation (Figure 4A and Supplemental Fig-
ure 4, A and B). The protective effects of PAHSAs with the MTT 
assay were greatest at 40 hours (Figure 4A). Annexin V staining 
reflected apoptotic cell death, and propidium iodide (PI) staining 
showed necrotic cell death. Cytomix increased the percentage of 
late apoptotic and necrotic cells by 10- and 15-fold, respectively 
(Figure 4B). Using this assay, both 5- and 9-PAHSAs maintained 

Figure 6. PAHSAs augment GSIS during cytokine-induced β cell distress. Human islets (A) and MIN6 cells (B) were treated with cytomix (5 ng/mL TNF-α plus 
5 ng/mL  IL-1β plus 10 ng/mL IFN-γ) in the presence or absence of 5-PAHSA (20 μM) or 9-PAHSA (20 μM) for 24 hours. At the end of the incubation period, cells 
were stimulated with low (2.5 mM) and high (20 mM) glucose for 45 minutes in the presence or absence of PAHSAs, and insulin secreted into the buffer was 
analyzed by ELISA (n = 4 wells/condition and 50 islets/well; n = 8 wells/condition for MIN6 cells). *P < 0.05 versus respective 2.5 mM glucose; †P < 0.05 versus 
control 20 mM glucose; ‡P < 0.05 versus control; #P < 0.05 versus cytomix 20 mM glucose. Data indicate the mean ± SEM. Differences between groups were 
assessed by ANOVA with Tukey’s multiple comparisons test.
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months) is safe, since data on multiple strains of mice using differ-
ent diets and routes of administration showed no organ toxicity, as 
assessed by histology and functional assays (Supplemental Figure 
1G, our unpublished data, and ref. 36). As another indication of the 
safety of PAHSAs, mice that maintain markedly elevated PAHSA 
levels throughout their lifetimes due to a genetic manipulation are 
healthy, reproduce normally, show no adverse effects, and have a 
normal lifespan (25, 37).

Both T cells and B cells play a role in T1D pathogenesis (4, 
5). T cell–mediated immunity is primarily responsible for inflam-
mation-associated β cell death (38). CD4+ T cells are capable of 
differentiating into several subsets. For example, IL-12 triggers 
the differentiation of Th1 cells and inhibits the differentiation 
of Th2 cells (39). Cytokines such as IFN-γ and IL-2 derived from 
Th1 cells stimulate CD8+ T cells and macrophages to promote a 
proinflammatory response against islet β cells (40). In the cur-
rent study, we demonstrated that chronic PAHSA treatment pre-
vented an increase in leukocytes (CD45+ cells) in pancreatic infil-
trates in vehicle-treated NOD mice from 11 to 15 weeks of age 
(Figure 2C). In addition, PAHSA treatment attenuated CD4+ and 
CD8+ T cell activation (Figure 2D) and reduced the fractional 
representation of B cells (Supplemental Figure 2, A and B). This 
is in accordance with studies demonstrating that a reduction in B 
cell numbers and function attenuates CD4+ T cell expansion and 
T1D development (41).

In addition to CD4+ and CD8+ T cell changes, patients with 
T1D have decreased numbers of Tregs and an elevated percent-
age of Th17 cells. Tregs are essential suppressors of unwanted 
autoimmune responses and are thought to modulate T cell acti-
vation and promote tolerance by suppressing adaptive immunity 
(42). Th17 cells are an IL-17–producing subset of Th cells that are 
distinct from Th1 and Th2 lineages. Specific anti–IL-17 antibodies 
and stem cell–based therapies have increased Treg populations in 
NOD mice, which suppresses immune attack (43). In this context, 
PAHSA treatment in NOD mice increased Foxp3 protein expres-
sion in pancreatic infiltrates (Figure 2G). Taken together, PAHSA- 
mediated changes in T and B cell populations are likely to play a 
major role in the beneficial effects of PAHSAs in decreasing T1D 
incidence in NOD mice.

Islet β cell proliferation in adult humans and rodents is mini-
mal and controlled by age-dependent intrinsic and extrinsic fac-
tors (44). For example, in younger mice, exendin-4 and partial 
pancreatectomy induce β cell proliferation, but this is markedly 
attenuated in older mice (45). Furthermore, there are clear spe-
cies differences in β cell proliferation, since murine β cells show 
a higher proliferative response (10%–15%) compared with human 
β cells following physiological alterations and during embryonic 
life. Many growth factors and mitogens have proliferative effects 
in rodent models, whereas, in human islets their effects are mini-
mal (~0.2% of β cells/24 hours in vitro) (46). In contrast, β cell rep-
lication and neogenesis are important during embryonic develop-
ment, for postnatal β cell growth, and in response to injuries (47, 
48). Neogenesis can be achieved via differentiation of progenitors 
within the ductal epithelium (49) or through transdifferentiation of 
acinar cells (50) or α cells (51) into β cells. Molecules that increase 
β cell numbers are actively being sought to prevent and treat T1D 
in humans. In this context, PAHSA-treated NOD mice displayed 

islets. Treatment of human islets with either 5- or 9-PAHSA 
reduced thapsigargin-induced PARP cleavage, as demonstrated 
by a lower ratio of cleaved PARP to uncleaved PARP compared 
with thapsigargin treatment alone (Figure 5C and Supplemen-
tal Figure 5, B and C). We observed similar beneficial effects of 
PAHSAs on PARP cleavage in MIN6 cells (data not shown). Cyto-
kine-induced ER stress triggered apoptotic β cell death by activat-
ing MAPKs such as JNK1/2 and ERK1/2. In MIN6 cells, 5-PAHSA 
attenuated thapsigargin-induced JNK1 and JNK2 phosphoryla-
tion, and 9-PAHSA attenuated thapsigargin-induced JNK1 phos-
phorylation (Figure 5D). In addition, high glucose levels induced 
phosphorylation of ERK2 (and not ERK1) in MIN6 cells, and this 
was attenuated by PAHSAs (Figure 5E).

Another major mechanism by which cytokines induce pan-
creatic β cell death is through activation of inducible NOS with 
subsequent generation of nitric oxide (NO) (33). Therefore, we 
investigated whether the protective effects of PAHSAs on cyto-
kine-induced β cell survival are mediated by attenuation of NO 
release. We found that cytomix increased NO release in both iso-
lated human islets and MIN6 cells and that treatment with 5- and 
9-PAHSAs did not reduce NO release (Supplemental Figure 5D). 
These data suggest that the beneficial effects of PAHSAs on atten-
uation of cytokine-induced β cell death are independent of the NO 
pathway. Taken together, these data indicate that PAHSAs aug-
ment β cell viability and protect against cytokine-induced β cell 
death, and this may be mediated by their effects to attenuate ER 
stress and reduce JNK and ERK activation.

PAHSAs augment GSIS during cytokine-induced β cell distress. 
Cytokines attenuate insulin secretion from pancreatic β cells in 
addition to causing β cell destruction (34, 35). Here, we examined 
whether PAHSAs can maintain GSIS during cytokine-mediated β 
cell distress. In human islets and MIN6 cells, treatment with 5- or 
9-PAHSA alone potentiated GSIS only at high- and not at low-glu-
cose concentrations (Figure 6, A and B), as reported previously 
(25, 30). Cytomix treatment decreased insulin secretion at a high 
(20 mM) glucose concentration in human islets and MIN6 cells 
(Figure 6, A and B). 5- or 9-PAHSA partially blocked the effect of 
cytomix to reduce GSIS at a high glucose concentration in both 
human islets (Figure 6A) and MIN6 cells (Figure 6B). Together, 
these data suggest that PAHSAs potentiate GSIS, attenuate β cell 
death, and augment β cell proliferation during cytokine insult.

Discussion
T1D develops as a result of autoimmune-mediated β cell destruc-
tion resulting in insulin deficiency. To our knowledge, despite clin-
ical trials involving many different immune-modulatory agents, no 
intervention has yet been found that has sustained effects and can 
be utilized safely over many years without adverse effects. Here, 
we demonstrate that the endogenous mammalian lipids PAHSAs 
reduce the incidence and delay the onset of T1D in NOD mice and 
improve their survival. PAHSAs are effective in both early inter-
vention and late intervention, when insulitis is established (Figure 
1, C and D), which is more likely to resemble the stage when people 
at risk for T1D are islet antibody positive but do not yet have overt 
diabetes. In our study, PAHSAs appeared to exert both direct pro-
tective effects on β cells and antiinflammatory effects on immune 
cells. Furthermore, prolonged PAHSA treatment (for at least 6.5 
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ies did not show that omega-3 fatty acid treatment decreased the 
risk of T1D (56). Therefore, there is still a major need for agents 
that attenuate autoimmunity, prevent and treat β cell loss in T1D, 
promote β cell function, and are safe for life-long therapy. Since 
PAHSAs attenuate autoimmunity and also have direct effects on β 
cell survival and function, they may be effective in preventing and 
treating T1D in humans.

Many of the effects of PAHSAs demonstrated here in NOD mice 
are similar to the effects of omega-3 fatty acids. These include a 
reduction of T cell–mediated autoimmunity and lymphocyte infil-
tration into islets, promotion of β cell proliferation, and restoration 
of islet function. Both PAHSAs and omega-3 fatty acids are signal-
ing lipids that activate the GPCRs GPR120 and GPR40. PAHSAs 
directly bind to and activate GPR40, which is involved in the ben-
eficial effects of PAHSAs on GSIS in isolated human islets (30). To 
our knowledge, it has not been shown whether omega-3 fatty acids 
directly bind to GPCRs. Furthermore, in isolated human islets and 
MIN6 cells, PAHSAs have direct beneficial effects by promoting β 
cell survival and function. This appears to be mediated, at least in 
part, by attenuation of ER stress and reduction of the activation of 
MAPKs. Although omega-3 fatty acids also reduce MAPK activa-
tion, there are no data, to our knowledge, that show direct effects 
of omega-3 fatty acids on the suppression of ER stress in islets. 
Fish oil supplementation attenuates ER stress in white adipose tis-
sue (WAT) in high-fat diet–fed (HFD-fed) obese mice, but this has 
not been shown to be a direct effect (57).

Given that FAHFAs are synthesized (25, 26) and degraded 
(58) in mammalian tissues, it is possible that their levels could 
be increased by targeting biosynthetic or degradative enzymes. 
The fact that some of the PAHSA hydrolytic enzymes have spe-
cific tissue distributions (58, 59) may allow targeted increases in 
PAHSA levels to avoid more systemic immunosuppression. In this 
context, we recently identified carboxyl ester lipase (CEL) as a 
FAHFA hydrolase that is highly expressed in pancreatic acinar tis-
sue and hydrolyzes FAHFAs at a much higher rate compared with 
previously known substrates such as triacylglycerols, diacylglycer-
ols, and cholesteryl esters (58). CEL appears to be a major PAH-
SA hydrolase in the pancreas, since PAHSA hydrolysis was low in 
pancreatic membranes from CEL-KO mice compared with mem-
branes from WT littermates (58). A gain-of-function mutation in 
CEL causes maturity-onset diabetes of the young type-8, which is 
characterized by pancreatic islet and acinar dysfunction (60). This 
mutation results in increased FAHFA hydrolysis (60), which may 
reduce FAHFA levels. Thus, not only do FAHFAs have the poten-
tial to be used as therapeutic agents to treat T1D, but it may be pos-
sible to regulate their levels specifically in pancreas, which could 
be safer than other immune-mediated approaches that can cause 
systemic immune suppression.

A recent report challenged the finding that PAHSAs have ben-
eficial metabolic effects in HFD-fed mice (61). Many important 
methodological issues contributed to the different results, and sev-
eral of these were discussed by Pflimlin et al. (61). In our response 
(36) and in a separate response by Ondrej Kuda (62), the experi-
mental problems with these studies were extensively discussed.

Regarding the inability of the study by Pflimlin et al. to detect 
augmentation of GSIS by PAHSAs in pancreatic islets, a recent 
study corroborated our results using a completely different 

an increase in β cell numbers compared with vehicle-treated NOD 
mice (Figure 3C). This resulted from increased β cell proliferation 
along with reduced immune cell infiltration demonstrated by more 
insulin-positive cells which are also positive for Ki67 in nondiabetic 
PAHSA-treated mice compared with nondiabetic vehicle-treated  
mice (Figure 3D). The proliferative effects in NOD mice did not 
depend on hyperglycemia, since all vehicle- and PAHSA-treated 
mice for these studies were nondiabetic and had glycemia levels 
below 150 mg/dL following ad libitum feeding. This increased β 
cell proliferation was also demonstrated by tracer dilution studies 
and BrdU incorporation into MIN6 cells (Figure 3, E and F). This 
proliferation appeared to be mediated in part by GLP-1R and not 
by GPR40 (Figure 3G). To determine how generalizable the prolif-
erative effects are, we evaluated β cell proliferation in nondiabetic 
chow-fed C57Bl/6J mice that received chronic PAHSA treatment 
and found no effect on β cell proliferation compared with vehicle 
treatment (data not shown). The differences in the data for non-
diabetic NOD mice and C57Bl/6J mice could be due to the differ-
ences in the mouse strains, the presence of insulitis in the nondia-
betic NOD mice, and the age of the mice.

During T1D disease progression, autoantigens released as 
a result of β cell death trigger the proliferation and activation of 
immune cells and a subsequent release of proinflammatory cyto-
kines and excessive generation of free radicals (34). These cyto-
kines and free radicals induce ER stress (32) in healthy β cells and 
cause apoptotic cell death via multiple pathways including activa-
tion of MAPKs such as ERK and JNK (32, 52, 53). Here, we show 
that PAHSA treatment not only attenuated immune responses but 
also acted directly on islet β cells to block cytokine-induced cell 
death and increase cell viability (Figure 4, A–E and Supplemental 
Figure 4, A and B). The mechanisms for these effects likely include 
a PAHSA-mediated reduction in ER stress (Figure 5, A–C) and 
ERK and JNK activation (Figure 5, D and E), which appeared to 
be mediated in part by GLP-1R and not by GPR40 (Figure 4E). In 
addition to the effects on cell survival, PAHSA treatment improved 
GSIS in human islets and cultured β cells exposed to proinflamma-
tory cytokines (Figure 6, A and B).

Other lipid classes including sphingosine-1-phosphate, ome-
ga- 3 fatty acids, and resolvins have also been shown to reduce 
autoimmunity and improve β cell function in NOD mice (16, 18, 
23). However, the results from studies in humans are mixed. For 
example, supplementation with cod liver oil, which is rich in ome-
ga-3 fatty acids, during the first year of life was associated with a 
lower risk of childhood-onset T1D (54). A recent TrialNet Nutri-
tional Intervention to Prevent (NIP) Type 1 Diabetes Study in 
infants at high genetic risk for T1D showed that docosahexaenoic 
acid (DHA) supplementation resulted in a transient lowering of 
high-sensitivity C-reactive protein and inflammatory cytokines at 
12 months of age in DHA-treated infants compared with infants 
who did not receive DHA (55). However, inflammatory cytokine 
production by leukocytes from these subjects was not consistently 
reduced at 36 months (55). In another longitudinal observational 
study, the Diabetes Autoimmunity Study in the Young (DAISY), 
initial data suggested that an increased intake of omega-3 fat-
ty acids resulted in higher erythrocyte membrane omega-3 fatty 
acid levels, which were associated with a decreased risk of devel-
oping anti-islet autoantibodies (19). However, the follow-up stud-
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serum collection, and tissues were harvested and then snap-frozen in 
liquid nitrogen and stored at –80°C until further use or placed in 10% 
formalin for histological analysis.

5- and 9-PAHSAs. PAHSAs were synthesized in-house. We studied 
5- and 9-PAHSAs for the following reasons: (a) 9-PAHSA was the most 
abundant form in adipose tissue in WT mice and in subcutaneous WAT 
of humans (25); (b) 5-PAHSA was the most consistently downregulat-
ed in all adipose depots and in the serum of insulin-resistant mice and 
in WAT and serum of insulin-resistant humans (25); (c) in vitro, 5- or 
9-PAHSAs directly enhance GLP-1 secretion from enteroendocrine 
cells and GSIS from human islets (25); (d) acute oral treatment with 
5- or 9-PAHSA isomers improves glucose tolerance in aged chow-fed 
and HFD-fed mice and augments insulin and GLP-1 secretion in vivo 
in aged chow-fed mice (25); and (e) 5- and 9-PAHSAs have antiinflam-
matory effects including a decrease in adipose tissue inflammation in 
HFD-fed mice, a delay in the onset and reduction of the severity of 
colitis in a mouse model, and attenuation of LPS-induced dendritic 
cell activation and cytokine production (25, 28, 30).

Materials and chemical reagents. All chemical reagents were from 
MilliporeSigma unless otherwise stated. Insulin, glucagon, Ki67, 
PARP, JNK1/2, and ERK1/2 antibodies were purchased from Cell 
Signaling Technology. Cytokines (IL-1β, TNF-α, and IFN-γ) were 
purchased from R&D Systems. Exendin(9-39) was purchased from 
BACHEM. GW1100 was purchased from Cayman Chemical. Anti-
bodies for flow cytometry were purchased from BioLegend and eBio-
science. ELISA kits were obtained from Crystal Chem (mouse insulin) 
and Alpco Diagnostics (human insulin). Both 5- and 9-PAHSAs were 
synthesized on the basis of established methods (67). MIN6 cells were 
obtained from the American Type Culture Collection (ATCC).

Human islet source and demographic details. Human islets from 
nondiabetic donors were obtained from the Boston Area Diabetes 
and Endocrinology Research Center (BADERC) Core Facility (Mas-
sachusetts General Hospital) and Prodo Laboratories Inc. The studies 
were performed using islets from 4 different human donors. Table 1 
includes details on the human islet sources and demographics.

GSIS in human islets. GSIS was assessed as described previous-
ly (68). Briefly, human islets or MIN6 cells were treated with either 
vehicle or cytomix (TNF-α plus IL-1β plus IFN-γ; 5 ng/mL plus 5 ng/
mL plus 10 ng/mL) in the continuous presence or absence of 5- and 
9-PAHSA (20 μM each) for 24 hours. At the end of treatment, islets 
or MIN6 cells were incubated in Krebs-Ringer bicarbonate buffer with 
0.5% BSA (pH 7.4) for 2 hours and stimulated with 2.5 mM (low) and 
20 mM (high) glucose for 45 minutes. Media were collected and insu-
lin quantitated by ELISA.

GSIS and OGTT in NOD mice in vivo. For GSIS studies, mice were 
bled from the tail vein at t0 (baseline) and 8 minutes after glucose 
gavage, blood was transferred into tubes, and serum insulin levels 
were measured by ELISA. An OGTT (1 g/kg glucose by gavage) was 
performed as described previously (25) following 5 hours of food 
removal. Glycemia was monitored for 1 hour.

PAHSA extraction and measurements in serum and tissues. Lipid 
extraction was performed as described previously (69). Serum (100 
μL) and tissues (60–100 mg) were Dounce-homogenized on ice in a 
mixture of 1.5 mL MeOH, 1.5 mL chloroform, and 3 mL citric acid buf-
fer. The final mixture was centrifuged, and the organic phase contain-
ing lipids was dried under N2 and stored at –80°C prior to solid-phase 
extraction (69).

methodology, i.e., microfluidics (63). That study showed that in 
human islets from both healthy and type 2 diabetic donors and in 
murine islets, 5-PAHSA increased the total amount of GSIS and 
also improved the dynamic insulin release profiles, as indicated 
by more pronounced insulin oscillations. The absence of PAHSA 
effects on GSIS in the Pflimlin et al. report may result from sub-
stantial differences in the study protocols compared with those of 
previous studies (25, 30, 36). For studies of GLP-1 secretion in refs. 
25 and 31 compared to those in ref. 61, different cell lines were 
used that have a different constellation of fatty acid receptors.

In conclusion, we found that PAHSAs attenuate autoimmune 
responses involving subsets of both T and B cells and promote β 
cell proliferation in vivo. Direct protective effects independent 
of the immune system were also evident, since PAHSAs atten-
uated cytokine-induced apoptotic and necrotic β cell death and 
increased β cell viability and proliferation in MIN6 cells. The 
mechanism appears to involve a reduction of ER stress, since 
PAHSAs lowered ER stress in islets of NOD mice. This appeared 
to be a direct effect, as PAHSAs suppressed thapsigargin-induced 
ER stress in human islets and MIN6 cells. PAHSAs also prevent-
ed impairment in GSIS and improved glucose tolerance in NOD 
mice, both of which could have resulted from decreased β cell 
apoptosis and increased β cell numbers.

Limitations of studies in NOD mice. A number of agents can 
prevent or even reverse T1D in NOD mice. However, these suc-
cesses have failed to translate to human clinical trials (24) for 
many reasons including but not limited to (a) species differences 
in immune cells and immune responses and in pancreatic β cells in 
humans and mice (24, 64), (b) genetic heterogeneity that affects 
the immune system (24, 65), (c) differences in the gut microbiome 
that may play a role in susceptibility to T1D (66), (d) environmental 
factors (66), and (e) the dosage and timing of interventions (24). A 
comprehensive review by Reed and Herold discussed preclinical 
studies in NOD mice and the results of clinical trials, focusing on 
the reasons for the differences between the NOD mouse model 
and humans with T1D (24).

Thus, with these caveats, PAHSAs may be beneficial in reduc-
ing the risk of developing T1D in islet antibody–positive individu-
als and may promote β cell survival and proliferation and enhance 
insulin secretion in individuals newly diagnosed with T1D. Since 
PAHSAs also delay the onset and reduce the severity of colitis (28), 
they may also be effective in treating other autoimmune diseases.

Methods
Animals. Female NOD chow-fed (Purina Lab Diet, 5008) mice (The 
Jackson Laboratory) were randomized to treatment groups on the basis 
of body weight at 4 weeks of age and received 15 mg/kg 5- and 9-PAH-
SA each or an equal volume of vehicle (50% PEG400 plus 49.5% 
saline plus 0.5%Tween-80) by oral gavage. All mice were housed in 
ventilated cages with ad libitum access to food and water. Mice were 
maintained on a 14-hour light/10-hour dark schedule at 72°F to 74°F. 
body weight, food intake, and glycemia were measured weekly. Onset 
of T1D in female NOD mice was defined by blood glucose levels above 
250 mg/dL for 2 consecutive weeks following ad libitum feeding. Mice 
were bled in the ad libitum fed state from the tail vein, and blood was 
transferred into tubes and serum insulin levels measured by ELISA. 
At the end of the study, the mice were sacrificed by decapitation for 
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digestion. For whole pancreata digestion, mice were perfused with 10 
ml PBS via the left ventricle prior to organ harvesting. Pancreata were 
dissected, minced, and subsequently incubated in 25 ml DMEM with 
2%FBS plus collagenase IV 1 mg/ml (Gibco, Thermo Fisher Scientif-
ic) and DNAseI 10 U/ml (MilliporeSigma) at 37°C for 20 minutes in 
a shaking incubator. Cells were washed and filtered through a 70-μm 
cell strainer prior to staining. Cells were stained on ice for 30 minutes 
at 4°C in FACS buffer (DMEM with 2% FBS and Fc block) (29). Foxp3 
(eBioscience) staining was performed according to the manufacturer’s 
protocol. To assess cytokine production, pancreatic single-cell suspen-
sions were restimulated with PMA and ionomycin in the presence of 
GolgiPlug for 3.5 hours at 37°C prior to intracellular staining. For anal-
ysis, stained cells were run on a BD LSR II flow cytometer and ana-
lyzed using FlowJo Software (Tree Star).

Annexin V and PI staining assay. MIN6 cells were grown to 60% 
to 70% confluence and treated with cytomix (TNF-α plus IL-1β plus 
IFN-γ; 5 ng/mL plus 5 ng/mL plus 10 ng/mL) in the presence or 
absence of 5- and 9-PAHSA (20 μM each) for 24 hours. At the end of 
treatment, cells were stained with annexin V and PI for 15 minutes, 
and flow cytometry was performed to evaluate the number of viable, 
apoptotic, and necrotic β cells.

Determination of islet β cell and α cell area. Pancreata from NOD 
mice treated chronically with vehicle or 5- and 9-PAHSA by daily oral 
gavage for 7 weeks were collected and fixed in 10% formalin. In order 
not to analyze the same islets in more than 1 section, we cut sections 
that were separated by 150 μm. Using immunofluorescence staining, 
islet β cell and α cell areas were determined by quantifying the pixels in 
11 to 26 islets from triplicate sections of the pancreas from each animal. 
Complete sections of pancreas were stained for insulin, glucagon, and 
DAPI and scanned using the Zeiss LSM510 upright confocal micro-
scope. The percentage of β and α cell area per islet was determined by 
measuring the pixels in the insulin and glucagon areas, respectively, 
divided by the total number of pixels (ROI, drawn around the islet) in 
the entire islet using ImageJ software (NIH). Only those islets contain-
ing 3000 pixels or more were used for final individual islet quantifica-
tion. The following antibodies were used to label α cell and β cell areas, 
respectively: rabbit antiglucagon (1:400; Cell Signaling Technology, 
CST8233S) and guinea pig anti-insulin (1:200; Abcam, ab7842).

Quantification of ER stress markers. The same staining protocol 
used for the determination of β and α cell area was applied for quanti-
fication of the ER stress markers XBP-1 (1:200; Abcam, ab37152) and 
DDIT3 (also known as CHOP) (1:200; Abcam, ab11419) immunofluo-
rescence. Staining was quantified in approximately 15 islets per sam-
ple. Using ImageJ software, each islet image was split into different 
channels for each specific staining to obtain 1 image per channel, and 
the ROI was drawn around the stained area. Then, the ratio of the sum 
of stained pixel intensities versus the islet area was calculated using 
ImageJ software.

Quantification of individual β cell size, volume, and mean number 
of β cells per islet. The mean individual β cell cross-sectional area 
was determined as the insulin-positive area of each islet divided by 
the number of nuclei within the insulin-positive area. Five islets per 
animal (5 animals per condition) were selected at random. The β 
cell volume per islet was calculated from the mean individual β cell 
cross-sectional area. The mean number of β cells per islet was calcu-
lated by dividing the total β cell area per islet by the mean cross-sec-
tional area per individual β cell.

Cell viability MTT assay. MIN6 cells were treated with IL-1β (10 
ng/mL) and/or cytomix (TNF-α plus IL-1β plus IFN-γ; 10 ng/mL each) 
in the presence or absence of 5-PAHSA (5 μM) and/or 9-PAHSA (5 μM), 
exendin(9–39) (10 nM) or GW1100 (10 μM) for 24, 40, and 48 hours. 
At the end of the treatment, MTT reagent (10 μL/well) was added, and 
cells were incubated for 2 hours. The formazan product formed was 
solubilized by adding MTT detergent, and absorbance was measured 
at 570 nm. The amount of absorbance is directly proportional to the 
number of viable cells. This assay measures the metabolic activity 
(mainly succinate dehydrogenase) of the viable cells and quiescent 
cells (early apoptotic). This activity is very low in late apoptotic cells 
and absent in necrotic cells.

NO measurements. Human islets or MIN6 cells were treated with 
either vehicle or cytomix (TNF-α plus IL-1β plus IFN-γ; 5 ng/mL plus 
5 ng/mL plus 10 ng/mL) in the continuous presence or absence of 
5- and 9-PAHSA (20 μM each) for 24 hours. Media were collected, 
and NO release was quantitated according to the manufacturer’s 
protocol using a modified Griess Reagent Kit (Invitrogen, Thermo 
Fisher Scientific).

Insulitis score. NOD mice were treated with vehicle and 5- and 
9-PAHSAs orally from 4 weeks to 10 weeks of age. Pancreata were 
excised for histological analysis after 6 weeks of treatment, and insu-
litis was visualized by H&E staining of paraffin-embedded sections. 
Three H&E-stained step sections (150-μm apart) per tissue were eval-
uated, with individual islets scored in a blinded fashion according to 
the following scheme: no insulitis (0), peri-insulitis (1, perivascular/
periductular infiltrates with leukocytes contacting islet perimeters), 
or intra-insulitis (2, leukocytic penetration present within the β cell 
mass). Peri-insulitis or intra-insulitis was defined by the presence of 
more than 10 leukocytes per islet. A total of 50 to 100 islets per mouse 
were scored for insulitis.

Flow cytometry. For immune cells, all staining began by incuba-
tion with a mAb against the following antigens: CD45 (30-F11), CD4 
(RM4-5), CD8 (53-6.7), CD19 (6D5), CD62L, IFN-γ, IL-17A (TC11-
18H10.1), PD-1+, CD86 (all from BioLegend), and Foxp3 (eBiosci-
ence). Pancreatic lymph nodes were removed from pancreata prior to 

Table 1. Human islet source and demographic details

Human donor ID Donor 1 Donor 2 Donor 3 Donor 4
Source MGH Prodo Labs Prodo Labs Prodo Labs
Age (yr) 45 40 61 66
Race/ethnicity Hispanic Hispanic White
Sex Male Male Male Male
Height (in.) 71 69 66 67
Weight (lb.) 214 172 179 174
BMI 29.6 25 28.8 27
History of diabetes No No No No
HbA1C (%) 5.1 5.3 5.1 4.7
Cause of death Choking Head trauma Stroke Stroke
Islet purity 90% 85% 90% 90%–95%
Islet viability 95% 95% 95% 95%

Prodo Labs, Prodo Laboratories Inc.; MGH, BADERC Core Facility at 
Massachusetts General Hospital (Boston, Massachusetts, USA); HbA1C, 
hemoglobin A1C.
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± SEM. Differences between groups were assessed with a 2-tailed 
Student’s t test, a repeated-measures ANOVA, or ANOVA with Bon-
ferroni’s, Tukey’s, or Newman Keuls multiple comparisons test. A 
log-rank (Mantel-cox) test was used to assess the cumulative diabetes 
incidence. This was also confirmed using the log-rank test at http://
www.evanmiller.org/ab-testing/survival-curves.html.

Study approval. All animal care and use procedures were conduct-
ed in strict accordance with and approved by the IACUC of Beth Israel 
Deaconess Medical Center.
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Determination of apoptosis in vivo. Female NOD mice were treated 
with either PAHSA or vehicle for 15 weeks starting at 4 weeks of age. 
TUNEL staining was performed on pancreata sections from PAH-
SA- and vehicle-treated NOD mice to identify apoptosis, following 
the manufacturer’s instructions (MilliporeSigma, ApoTag Red In situ 
Apoptosis Detection Kit), in addition to insulin staining (1:200; Abcam, 
ab7842) to identify insulin-positive β cells. Only insulin-positive β cells 
with TUNEL-positive nuclei were included for quantification.

Determination of proliferation in vivo. Proliferation was assessed 
in islets and liver sections by immunofluorescence staining for Ki67 
(1:200; Thermo Fisher Scientific, RM-9106-R7). Using ImageJ soft-
ware (NIH), each islet was scored for the number of insulin-positive 
cells, Ki67+ cells, and cells with double-positive staining for insulin 
and Ki67. The percentage of proliferating β cells was calculated as the 
total number of cells double-positive for insulin and Ki67 divided by 
the total number of insulin-positive cells in that islet. The percent-
age of Ki67+ cells in the liver was calculated as the percentage of cells 
double-positive for Ki67 and DAPI, normalized to the total number of 
DAPI-stained nuclei per field.

Cell tracer assay. MIN6 cells at 0% confluence were stained with 
CellTrace Violet (Thermo Fisher Scientific) for 15 minutes and treated 
along with IL-1β (10 ng/mL) in the presence or absence of 5- or 9-PAH-
SA (5 μM or 20 μM) for 48 hours. At the end of the treatment period, 
cells were harvested, acquired in a BD LSR II flow cytometer, and ana-
lyzed with FlowJo software to determine the β cell proliferation index. 
Approximately 5000 cells were sorted for each condition.

BrdU proliferation assay. MIN6 cells were treated with cytomix 
(TNF-α plus IL-1β plus IFN-γ; 10 ng/mL each) in the continuous 
presence or absence of 5- and/or 9-PAHSA (20 μM), exendin(9-39) 
(10 nM) or GW1100 (10 μM) for 24 and 48 hours. At the end of the 
treatment, a BrdU proliferation assay (EMD Millipore, catalog QIA58-
200TEST) was performed according to the manufacturer’s protocol. 
The amount of absorbance was directly proportional to the number of 
proliferative β cells.

Western blot analyses. Human islets were treated with 
thapsigargin (2 μmol/L) for 6 hours in the continuous presence or 
absence of 5- or 9-PAHSA (20 μM each). MIN6 cells were treated 
with thapsigargin (0.5 μmol/L) for 6 hours or high glucose (25 mM) 
for 24 hours in the presence or absence of 5- and/or 9-PAHSA (20 
μM each). At the end of the treatment, cells were collected, and 
Western blotting was performed to determine for PARP cleavage as 
well as levels of phosphorylated JNK1/2 (p-JNK1/2), total JNK1/2, 
p-ERK1/2, and total ERK1/2. ACTB and GAPDH were used as 
housekeeping genes.

Analytical procedures. Serum ALT and creatinine were measured 
using colorimetric enzyme assay kits (MilliporeSigma). Liver tri-
glycerides were extracted and measured as previously described (70).

Statistics. All statistical analyses were performed using GraphPad 
Prism (GraphPad Software), and differences were considered signifi-
cant when P values were less than 0.05. All values represent the mean 
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