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Introduction
Many phenomena have been extensively investigated to examine their potential roles in the relentless 
decline of  β cell mass and function that is characteristic of  type 2 diabetes (T2D) in humans (1–21). In 
virtually all these lines of  study, the β cell itself  has been tacitly assumed to play the passive role of  victim 
during its exposure to hyperglycemia. In some reports, oxidative stress caused by hyperglycemia has been 
suggested to be an operative mechanism in the continuation of  β cell decline after the initiating (probably 
genetic) mechanism is triggered (22–26). We are unaware of  any previous studies that directly address the 
hypothesis that, early in T2D, β cells spontaneously initiate an effort to repair themselves. Our rationale 
for examining this hypothesis stems from our previous work with db/db mice, a rodent model of  T2D, in 

Many theories have been advanced to better understand why β cell function and structure 
relentlessly deteriorate during the course of type 2 diabetes (T2D). These theories include 
inflammation, apoptosis, replication, neogenesis, autophagy, differentiation, dedifferentiation, 
and decreased levels of insulin gene regulatory proteins. However, none of these have considered 
the possibility that endogenous self-repair of existing β cells may be an important factor. To 
examine this hypothesis, we conducted studies with female Zucker diabetic fatty rats fed a high-
fat diet (HFD) for 1, 2, 4, 7, 9, 18, or 28 days, followed by a return to regular chow for 2–3 weeks. 
Repair was defined as reversal of elevated blood glucose and of inappropriately low blood insulin 
levels caused by a HFD, as well as reversal of structural damage visualized by imaging studies. 
We observed evidence of functional β cell damage after a 9-day exposure to a HFD and then repair 
after 2–3 weeks of being returned to normal chow (blood glucose [BG] = 348 ± 30 vs. 126 ± 3; mg/
dl; days 9 vs. 23 day, P < 0.01). After 18- and 28-day exposure to a HFD, damage was more severe 
and repair was less evident. Insulin levels progressively diminished with 9-day exposure to a 
HFD; after returning to a regular diet, insulin levels rebounded toward, but did not reach, normal 
values. Increase in β cell mass was 4-fold after 9 days and 3-fold after 18 days, and there was no 
increase after 28 days of a HFD. Increases in β cell mass during a HFD were not different when 
comparing values before and after a return to regular diet within the 9-, 18-, or 28-day studies. 
No changes were observed in apoptosis or β cell replication. Formation of intracellular markers 
of oxidative stress, intranuclear translocation of Nrf2, and formation of intracellular antioxidant 
proteins indicated the participation of HFD/oxidative stress induction of the Nrf2/antioxidant 
pathway. Flow cytometry–based assessment of β cell volume, morphology, and insulin-specific 
immunoreactivity, as well as ultrastructural analysis by transmission electron microscopy, revealed 
that short-term exposure to a HFD produced significant changes in β cell morphology and function 
that are reversible after returning to regular chow. These results suggest that a possible mechanism 
mediating the ability of β cells to self-repair after a short-term exposure to a HFD is the activation of 
the Nrf2/antioxidant pathway.
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which the β cells specifically overexpressed an insulin-promoter–driven glutathione peroxidase (GPx) trans-
gene (27). WT db/db animals fed a high-fat diet (HFD) developed severe hyperglycemia. The GPx-trans-
genic mice also initially become hyperglycemic early after starting a HFD but, soon thereafter, reversed this 
trend and, within weeks, normalized their blood glucose levels. The rapidity with which the glucose levels 
reverted to normal in the transgenic mice could not be explained by changes in rates of  apoptosis or in 
rates of  β cell replication. Therefore, we considered the possibility that we had serendipitously witnessed an 
active process of  self-repair of  existing β cells via intrinsic GPx production that decreased oxidative stress 
and thereby facilitated a return of  normal β cell function and structure.

With this background information, we designed the studies described herein to examine the hypothesis 
that, during acute hyperglycemia, β cells undergo oxidative stress (28–31) and, in response, spontaneously 
initiate endogenous repair mechanisms. We hypothesized that 1 mechanism might be the KEAP-1/nucle-
ar factor erythroid-derived-2-related-factor (Nrf2)/antioxidant pathway, widely recognized as a prominent 
regulator of  antioxidant enzyme gene expression (32–36). Several reports involving mouse models of  dia-
betes appeared midway through our study and supported this possibility (6, 37–39). Our current work 
used Zucker diabetic fatty rats (ZDF rats) that are known to develop severe hyperglycemia and oxidative 
stress when fed a HFD (40). The design involved an initial baseline period of  a regular chow (17% fat) diet 
followed by exposure to a HFD (48% fat) for increasing lengths of  time, and then an intervention period 
during which the HFD was removed and the regular chow diet was resumed. No other manipulations 
involving drugs or diets were used. For the purposes of  this study, we defined β cell repair as reversal of  
functional damage by measuring blood glucose and insulin levels and reversal of  structural damage by 
fluorescent imaging of  insulin, markers of  oxidative stress (4HNE and 8-OHdG), and Nrf2, HO-1, SOD-1, 
and SOD-2. In addition, we used a flow cytometry–based method (ImageStream) to assess β cell volume, 
morphology and insulin-specific immunoreactivity, and transmission electron microscopy (TEM) to deter-
mine if  short-term exposure to a HFD produces significant alterations in β cells that are reversible after 
returning to regular chow. We sought answers to the following questions: (i) are acute hyperglycemia and 
relatively low insulin levels in ZDF rats during a brief  exposure to a HFD related to oxidative stress and β 
cell structural damage, and do these appreciably worsen with longer exposure to a HFD; (ii) does duration 
of  antecedent exposure to a HFD influence the degree to which β cells repair themselves when they are 
returned to low-fat diets; and (iii) is there evidence that the mechanism by which β cells initiate self-repair is 
activation of  the KEAP-1/Nrf2 pathway with consequent formation of  intracellular antioxidant proteins?

Results
Metabolic studies. During the 3-week baseline period of  this study in which a standard 17% fat regular chow 
diet was used, nonfasting blood glucose levels were in the normal range (115 ± 3 mg/dl, n = 76). When 
68 animals were switched to a 48% HFD, they promptly developed hyperglycemia (Supplemental Table 1; 
supplemental material available online with this article; https://doi.org/10.1172/jci.insight.97381DS1). 
Glucose levels in the group (n = 8) that continued the 17% fat diet remained normal.

The 1- to 9-day HFD withdrawal study: group A. HFD was withdrawn from 5 subgroups of  4 rats each 
that developed various levels of  hyperglycemia over 1, 2, 4, 7, and 9 days in direct relationship to the length 
of  time they consumed a HFD (Figure 1A and Supplemental Table 1). After withdrawing the HFD and 
returning to standard 17% fat diet, the blood glucose levels for all 5 groups returned to the normal range. 
However, the rate of  return to normoglycemia for the rats that consumed a HFD for 9 days appeared to be 
slower than that of  the other rat subgroups, and their plasma insulin levels began to fall while eating a HFD 
(data not shown). We interpreted the slower rate of  glycemia normalization and the decreased insulin levels 
after 9 days of  a HFD as a first evidence that β cell function was failing. Hence, we chose to further inves-
tigate the 9-day HFD reversal group with additional methods that included a quantitative flow cytometry–
based approach (ImageStream) to assess insulin expression and volume, and by ultrastructural analysis of  
β cell morphology (TEM) to identify possible changes in β cell organelle integrity. To further develop these 
studies, we also extended our metabolic analysis to additional groups of  rats that were exposed to a HFD 
for longer periods of  time.

The 9-day HFD withdrawal study: group B. After withdrawing HFD on day 9 from a new subgroup of  4 
hyperglycemic rats and resuming the standard 17% fat diet, we observed that, by day 15 of  reversing the 
diets, blood nonfasting glucose levels returned to the normal range (126 ± 3 mg/dl; P < 0.01; Figure 1B and 
Supplemental Table 1). Blood glucose levels remained normal for 7 more days, and then pancreata were 
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removed for imaging studies. Another subgroup of  4 hyperglycemic rats under-
went pancreatic resection on day 9 for imaging studies, while still being fed the 
48% fat diet. The 2 dietary control groups of  8 animals each (continuous HFD or 
standard diets) were fed a HFD or standard diet without change until the day 46, 
when their pancreata were removed for imaging studies.

The 18-day HFD withdrawal study: group C. On day 18, the 48% fat diet was 
withdrawn from a subgroup of  4 hyperglycemic rats and the 17% fat diet was 
resumed. By day 29, their blood glucose levels had declined (Figure 1C and 
Supplemental Table 1) to and plateaued at 215 ± 37 mg/dl, significantly higher 
those observed at the conclusion of  the 9-day study described above (126 ± 3 
mg/dl, P < 0.001). Another subgroup of  4 hyperglycemic rats underwent pan-
creatic resection on day 18 for imaging studies, while still being fed the 48% fat 
diet. The 2 dietary control groups of  8 animals each (continuous HFD or stan-
dard diets) were fed a HFD or standard diet without change until day 46, when 
their pancreata were removed for imaging studies.

The 28-day HFD withdrawal study: group D. On day 28, the 48% fat diet was 
withdrawn from a subgroup of  4 hyperglycemic rats, and the 17% fat diet was 
resumed. By day 42, their blood glucose levels had declined (Figure 1D and Sup-
plemental Table 1) and plateaued at 307 ± 47 mg/dl, significantly higher than 
those observed at the conclusion of  the 9-day study described above (126 ± 3 
mg/dl, P < 0.001). Another subgroup of  4 hyperglycemic rats underwent pancre-
atic resection on day 28 for imaging studies, while still being fed the 48% fat diet. 
The 2 dietary control groups of  8 animals each (continuous HFD or standard 
diets) were fed a HFD or standard diet without change until day 46, when their 
pancreata were removed for imaging studies.

Body weights, plasma insulin, i.p. glucose tolerance test (IPGTT), insulin tolerance test 
(ITT), and β cell mass. No differences in body weights were observed among the 7 
groups of  animals at any one of  the experimental time points (1, 2, 4, 7, 9, 18, or 
28 days). Compared with baseline values, plasma insulin values initially rose on 
regular diet but thereafter were lower in Groups B, C, and D on a HFD (Figure 
1E). In none of  these groups, after reversal to regular diet, did insulin levels reach 
the height of  the levels attained by the control animals fed a regular chow diet only. 
Measures of  glucose tolerance during IPGTT in the HFD deteriorated by day 9 
and remained abnormal, despite reversal to regular diets through day 30 (Figure 

2A). Insulin levels at the end of  the IPGTT were not different, although the reversed HFD group had a 
delay in developing insulin increments (Figure 2B). Measures of  insulin sensitivity during ITT in the 3 
subgroups revealed no significant differences (Figure 2C). The β cell mass in the ZDF rats fed a HFD for 9 
days was 4-fold greater than Zucker lean control rats (ZLC rats; 8.5 ± 1.5 mg vs. 2.9 ± 0.9 mg, P < 0.001; 
Figure 3A). There was a progressive decrease in β cell mass after 18 and 28 days of  a HFD, compared with 
the 9-day values. However, there were no significant differences in β cell mass values within any of  the 3 

Figure 1. Induction of hyperglycemia by a high-fat (48%) diet followed by spontaneous 
return to toward normoglycemia after switching to regular (17% fat) diets. (A–D) The 
durations of exposure to high-fat diets were 1, 2, 4, 7, 9, 18, and 28 days prior to a return 
to regular diets. The degrees of hyperglycemia were progressively worse and the returns 
toward normoglycemia were progressively slower as the length of exposure to high-fat diets 
was increased. All glucose levels were obtained under nonfasting conditions. (E) Insulin 
levels at the end of the studies were lowest in the ZDF rats fed 45% fat diet exclusively and 
highest in the animals fed 17% fat diets exclusively. Insulin levels in the 3 groups of animals 
fed high-fat diets for variable time periods followed by a return to regular diets had interme-
diate plasma insulin levels. The highest insulin levels during the return to regular diets were 
in animals with the shortest exposure (9 days) to the high-fat diets, while longer exposures 
to high-fat diet (18 and 28 days) were associated with increasingly lower insulin levels after 
return to low-fat diets. However, even in the 9-day reversal study, insulin levels failed to 
reach the levels observed in the control animals fed 17% fat standard chow diets. Two-tailed 
Student t tests with Bonferroni correction for multiple comparison testing; **P < 0.01.
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dietary subgroups (9-, 18-, or 28-day HFD with or without diet reversal). Morphometric assess-
ment of  insulin-specific immunoreactivity revealed a significant reduction of  insulin granulation, 
which was reversible upon returning the animals to a regular diet (Figure 3B).

Reduced insulin expression in β cells exposed to a HFD. Based on the observed functional alteration 
of  β cell performance in animals fed a HFD (Figure 1 and Figure 2 ), and based on our immuno-
localization studies pointing to reduced insulin expression (Figure 3), we conducted experiments 
in which we took advantage of  a technology called ImageStream, which merges flow cytometry 
with multichannel brightfield, darkfield, and fluorescent imaging of  individual cells under flow 
conditions (41, 42). Pancreatic islets from either ZDF controls, ZDF rats fed with a HFD for 9 
days, and ZDF animals reversed to regular chow were dissociated into a single cell suspension and 
processed for intracellular staining for insulin and DNA (DAPI). Cells were then analyzed using 
an Amnis ImageStream X Mark II imaging cytometer. After data acquisition, cells imaged as “in 
focus” exhibited heterogeneous size distribution, with a slight decrease in values of  the brightfield 
area (Figure 4, A, D, and G). Contrary to cell area measured in conventional optical microscopy, 
“brightfield area” provides a more accurate estimation of  cell size (or volume). In agreement with 
previous observations showing that β cell size can decrease during the first 3 months of  exposure to 
a HFD, and later followed by β cell hyperthrophy after 6 and 12 months of  HFD feeding (43), our 
ImageStream analysis suggests that even a short-term exposure to a HFD may have a significant 
impact on the overall homeostasis of  β cell volume. Interestingly, results from this analysis also 
revealed that the geometric mean intensity of  insulin-specific immunoreactivity detected in cells 
gated from the “in focus” population was decreased by ~45% (from 305,362 to 173,261 Image-
Stream X Mark II arbitrary units) in β cells from ZDF-HFD (Figure 4, B and E). This decrease in 
insulin immunoreactivity appeared fully recovered and surpassed levels detected in control ZDF 
islets (up to 686,692 ImageStream X Mark II arbitrary units; Figure 4H). Representative examples 
of  imaged β cells from control ZDF (Figure 4C), HFD (Figure 4F), and reversed animals (Figure 
4I) provide a qualitative assessment of  this analysis.

Islet morphology, markers of  oxidative stress, proliferation, and apoptosis. Morphological evi-
dence for β cell damage could be observed as early as day 9 under the HFD condition, with islets 
appearing ragged in shape and with substantially reduced insulin granulation (Figure 5, A and B). 
After reversal to the regular diet in the 9-day study, islets completely recovered normal morphology 
and regained near-normal staining for insulin (Figure 5C). There was less improvement in β cell mor-
phology during a return to regular diet after 18 days of  the HFD and very little improvement after a 
return to regular diet after 28 days of  the HFD (not shown). Morphometric analysis for markers of  
oxidative stress revealed that β cells from rats fed a HFD for 9 days showed intense cytoplasmic stain-
ing for 4HNE (Figure 5B) (and for 8-OH-dG, data not shown). After the animals were returned to a 
regular diet, the immunoreactivity for 4HNE was significantly reduced (Figure 5, C and D). Nuclear 
staining for Nrf2 was also prominent in rats fed HFDs for 9 days (Figure 5F), compared with ZDF 
controls (Figure 5E), with an expression pattern that appeared both nuclear and cytoplasmic. Immu-
noreactivity for Nrf2 was also reduced after returning to a regular diet (Figure 5, G, and H). Nuclear 
and perinuclear staining for HO-1 was also observed in animals exposed to a HFD for 9 days (Figure 
5J), compared with ZDF controls (Figure 5I); after a return to a regular diet, very little HO-1 staining 
was observed (Figure 5, K and L). Rats fed a 48% fat diet for 9, 18, and 28 days and sacrificed — as 
well as those returned to a regular diet for 2 weeks — did not stain for Ki-67 (data not shown). Apop-
totic positive cells were evident in the ZDF rats treated with a HFD, whereas no apparent differences 
in apoptotic cells were noticed after a return to the regular diet for 9, 18, and 28 days (data not shown). 
However, the low frequency of  TUNEL-positive cells precluded meaningful quantification.

Figure 2. Glucose tolerance and insulin tolerance test results. Blue line indicates controls on regular chow; 
green line indicates high-fat diet (HFD) for 9 days; orange line indicates HFD for 9 days and then reversal to 
regular chow for 21 more days. (A and B) Glucose tolerance test (i.p., 120 minutes). (A) Glucose tolerance (i.p.) 
in both 9-day HFD groups (green and orange lines) deteriorated despite reversal of 1 HFD group to regular 
chow on day 9 through day 30. (B) Insulin levels during IPGTT were not different, although the HFD group that 
was reversed from HFD had a delay in developing insulin increments. (C) Insulin tolerance test (60 minutes). 
Glucose fell to similar levels during ITT on baseline regular diet and on a HFD, despite reversal of 1 HFD group 
to regular chow on day 9 through day 30. Consequently, no differences in insulin sensitivity were observed.
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As separate assessments of  the KEAP-1/Nrf2/antioxidant pathway, we 
examined islets from hyperglycemic male ZDF rats and hyperglycemic male db/
db mice in which we have previously shown to have increased cytoplasmic levels 
of  8-OH-dG and 4HNE (27, 40). These experiments revealed that the hypergly-
cemic male ZDF rats that were fed a HFD demonstrated substantial staining for 
Nrf2 (Figure 6A), both cytosolic and nuclear, whereas simultaneously feeding 
these animals the antioxidant Ebselen, while on a HFD, prevented the appear-
ance of  Nrf2-specific immunoreactivity (Figure 6B). Similarly, WT hyperglyce-
mic diabetic db/db mice that had been fed a HFD demonstrated intranuclear 
staining of  Nrf2 (Figure 6C), but this was not the case for normoglycemic db/db 
mice, in which we had β cell–specifically expressed the transgene for the antioxi-
dant GPx-1 (db/db-GPx-1+/+ male mice; Figure 6D).

Collectively, these data from ZDF and db/db animals (Figure 6) add significant 
validation to our hypothesis and support the concept that oxidative stress associated 
with a HFD may result in β cell damage in multiple models of  T2D. Importantly, 
the results also underline the effectiveness of  antioxidant interventions in preventing 
and/or reversing HFD-induced β cell damage.

Altered β cell morphology caused by short-term HFD can be reversed. In a separate set 
of  experiments, we investigated the morphology of  β cells at the ultrastructural level by TEM. For these 
studies, we focused on 3 groups of  animals: control ZDF rats fed with regular chow, ZDF animals fed with 
a HFD for 9 days, and a group fed a HFD for 9 days and then switched to regular chow for an additional 21 
days. As can be observed in Figure 7, A–C, β cells from ZDF control animals revealed a normal ultrastruc-
tural appearance, with an abundant content of  insulin secretory granules exhibiting classical electron-dense 
crystallized insulin cores, and a normal rough ER (RER) populated by electron-dense spots, compatible 
with ribosomal content (Figure 7C, arrowheads). In contrast, animals fed with a HFD (Figure 7, D–H) 
exhibited marked alterations with dysmorphic secretory vesicles, some of  them with little crystalline insu-
lin (Figure 7D, arrowheads), disorganized Golgi apparatus (Figure 7E, asterisks), numerous autophagic 
bodies (Figure 7F, black arrowheads), and increased cytosolic-free ribosomes not associated with the ER 
(Figure 7F, white arrowheads) that presented enlarged cisternae with reduced ribosomal content (Figure 
7H, arrowheads). Interestingly, animals that were reversed to a regular chow diet for 21 days after the ini-
tial period of  9 days on a HFD revealed a normalization of  most of  these abnormalities (Figure 7, I–K), 
with β cells exhibiting an increased frequency of  insulin-containing secretory vesicles whose morphology 
appeared indistinguishable from that observed in the control animal group. In addition, autophagic bodies 
were almost undetectable, and the RER regained a well-organized multilayered arrangement (Figure 7, 
I–K, arrowheads). These results provide direct morphological validation at the ultrastructural level for the 
deleterious effects of  a HFD on β cells and their reversibility following a return to regular chow. Collective-
ly, our results uncover an important window of  opportunity for therapeutic interventions within the first 9 
days of  exposure to a HFD, which could prevent progressive β cell dysfunction, averting diabetes.

Discussion
This study examined the potentially novel hypothesis that rodents fed a HFD, and thereby exposed to acute 
hyperglycemia and oxidative stress, activate the KEAP-1/Nrf2/antioxidant pathway as a mechanism to ini-
tiate endogenous β cell self-repair. ZDF rats fed a HFD for 1–28 days became hyperglycemic with initially 
high but eventually low insulin levels and abnormal β cell structure. Returning to a 17% fat standard chow diet 
improved β cell function so that elevated glucose levels fell and low insulin levels increased. The completeness 

Figure 3. β Cell mass. (A) The group receiving HFD for 9 days developed a significantly greater 
β cell mass compared with controls fed 17% fat standard chow. However, with longer exposure 
to the HFD, there were progressively smaller increases in β cell mass after 18- and 28-day 
HFD. Return to regular diets did not alter β cell mass in any of the 3 groups whose HFDs were 
reversed to regular chow diets. Reverse indicates reversal to regular diet after 9, 18, or 28 
days of high-fat diet. (B) Quantitative determination of pixel intensity for insulin-specific 
immunofluorescent signal measured in pancreatic sections from ZDF controls, HFD 9 days, 
and Reversed 9 days animals. Morphometric measurements were performed on 57, 64, and 73 
sections per animal group, respectively. Two-way ANOVA, ***P < 0.005; ****P < 0.0001.
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with which the animals reestablished normal glucose and insulin levels was inversely related to the length of  
time they had been exposed to a HFD. Although glucose levels during IPPGT were significantly higher during 
a HFD than baseline values on a regular diet, there were not significant improvements in glucose levels after 
a return to a regular diet. In addition, there were no significant differences in final insulin values after IPGTT, 
nor in glucose levels during ITT. That these values from functional testing were not dramatically different 
despite the impressive differences in β cell structure strongly supports the conclusion that initial structural 
changes led to changes in function, rather than vice-versa. No differences were observed in β cell mass values 
within specific experimental groups, but returning to standard chow early in the course reversed abnormalities 
in β cell structure. All these changes occurred in the absence of  changes in β cell apoptosis or proliferation.

Intriguingly, our analysis of  individual β cells by ImageStream flowcytometry — while quantitatively 
validating a reduced insulin-specific immunoreactivity in HFD animals — also revealed a slight reduction 
in β cell size. This paradoxical observation agrees with previous work showing that, although long-term 

Figure 4. ImageStream flowcytometric analysis of β cells. Islet cells from control ZDF (A–C), HFD (D–F), and reversed ZDF animals (G–I), analyzed 
for their brightfield area versus DNA (DAPI) content (A, D, and G), insulin-specific immunoreactivity (B, E, and H), morphological appearance (C, 
F, and I). Notable differences include slight reduction in β cell size (D) and a reduced insulin-specific immunoreactivity in HFD animals (E). These 
alterations were not observed in the diet-reversed animal group (G and H). Representative of n = 2 separate determinations, with islets isolated 
from 2 animals per experimental group. Scale bar: 7 μm.
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HFD leads to an increase in β cell volume, there is a significant heterogeneity and reduction in β cell size 
during the first 3 months (43). These events were accompanied by the appearance of  intracellular markers 
of  oxidative stress; translocation of  cytoplasmic Nrf2 to the nucleus; activation of  antioxidant genes as 
evidenced by formation of  the intracellular antioxidant proteins; improved β cell structure with insulin 
regranulation; and eventually diminution of  markers of  oxidative stress.

We have suggested that oxidative stress is a central mechanism for in vitro and in vivo glucose toxicity 
of  β cells (28, 29). Our previous studies of  islets (30–31) and those of  others (21) reported preventive effects 
of  exogenous antioxidants on the development of  adverse effects on β cell mass and function caused by 
prolonged exposure to high glucose concentrations. Our current observations are in keeping with those 
recently reported (6, 37–39). Butler and colleagues reported that islets from autophagy-deficient mice had 
increased oxidative damage in β cells associated with a failed response of  Nrf2 to oxidative stress (6). 

Figure 5. Markers of oxidative stress. (A) Pancreatic sections were double labeled for insulin (green fluorescence) and 4-HNE (red fluorescence). ZDF rats after 
9 days of high-fat diet showed intense cytoplasmic staining for 4-HNE in β cells (B). This was reduced 2 weeks after a return to regular diets (C). Percentage 
of 4-HNE+ β cells in each animal group (D). Immunostaining for Nrf2 (red fluorescence) revealed substantial immunoreactivity both in the cytoplasm and the 
nucleus of β cells in ZDF rats fed high fat diets for 9 days (F), when compared with ZDF controls (E). In contrast, 2 weeks after return to regular diets, the immu-
noreactivity for Nrf2 was dramatically reduced (G). Percentage of 4-Nrf2+ β cells in each animal group (H). Similarly, pancreatic sections stained for HO-1 (red 
fluorescence) showed increased cytoplasmic and nuclear localization of HO-1 in β cells (green fluorescence), which — after 9 days of HFD — was greatly dimin-
ished 2 weeks after return to regular diet (K). Percentage of HO-1+ β cells in each animal group (L). Specificity of detected immunoreactivities was validated by 
incubation of tissue sections with control IgGs from each species (lower panels). Scale bar: 25 μm. (D, H, and L) One-way ANOVA, ***P < 0.005, ****P < 0.0001.
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Yagishita et al. (37) studied the KEAP-1/Nrf2 pathway in the context of  exogenous cytokine inducers of  
oxidative stress. They used 4 genetically modified mouse models: β cell–specific KEAP-1 KO, β cell–specif-
ic Nrf2 heterozygous KO, conventional Nrf2 KO, and β cell–specific Nrf2 conditional KO. They concluded 
that Nrf2 induction by oxidative stress counteracts cytokine-induced oxidative damage in β cells and, there-
fore, that the KEAP-1/Nrf2 system is an important defense pathway for protecting β cells. Uruno et al. (38) 
reported that genetic activation of  Nrf2 in KEAP-1–KO mice suppressed the onset of  diabetes in db/db 
mice and that induction of  Nrf2 activity by an oral imidazole derivative markedly improved insulin secre-
tion during oral glucose tolerance test (OGTT). Masuda et al. (39) studied the effects of  a different Nrf2 
activator (dh404) on human islets obtained from cadaveric donors and reported that this agent increased 
intranuclear Nrf2 levels and increased mRNA levels for several different antioxidant proteins.

Our current observations agree with these authors regarding the potential importance of  the KEAP-
1/Nrf2/antioxidant pathway in defending β cells against the adverse effects of  oxidative stress. Essen-
tial differences between the previous studies and the ones we now report are that we used the more 
physiologic and clinically relevant paradigm of  a HFD feeding over increasing periods of  time rather 
than subjecting β cells to cytokines, islet amyloid polypeptide (IAPP), or trauma (cadaveric islet isola-
tion) to examine intrinsic β cell responses to stress. We also report the associated increased levels of  
markers of  oxidative stress (8-OHdG and 4HNE) in β cells, caused by a HFD, as well as the increased 
β cell levels of  downstream targets of  Nrf2 activation. Moreover, we present data from 2 other mod-
els of  glucose toxicity in HFD-fed animals. One is the male ZDF rat treated with placebo or the oral 
antioxidant Ebselen (40). The other is the female db/db transgenic mouse that overexpresses GPx spe-
cifically in β cells (27). In both models, we show that the control animals (hyperglycemic with markers 
of  oxidative stress; refs. 27, 40) exhibit pronounced Nrf2 immunoreactivity, whereas animals treated 
with Ebselen or mice overexpressing GPx in β cells do not. Finally, our analysis by electron microscopy 
demonstrates that grossly altered ultrastructural features in β cells after a HFD feeding can be corrected 
by a return to regular chow, further substantiating the reversibility of  structural abnormalities caused by 
a short period on a HFD.

Most importantly, the current work uniquely demonstrates that existing rodent β cells can initiate 
self-repair in response to oxidative stress in very early but not later stages of  oxidative damage caused by a 
HFD and hyperglycemia. An alternative possibility is that, since ZDF rats also become hypertriglyceridem-
ic, excess circulating lipid rather than glucose may be the inciting factor for β cell damage. However, this 
does not seem likely to be the case because prevention of  hyperglycemia by phlorizin treatment normalizes 
glycemia and prevents the development of  defects in insulin gene expression in ZDF rats fed a HFD, where-
as prevention of  hypertriglyceridemia by bezafibrate in the same model does not (24).

Figure 6. Nrf2 staining in 2 additional diabetic animal models. Pan-
creatic sections from hyperglycemic male ZDF rats showed substantial 
immunostaining for Nrf2 (A, red fluorescence), in β cells (green fluores-
cence), whereas ZDF rats fed with the antioxidant Ebselen along with 
the high-fat diet for 6 weeks did not stain for Nrf2 (B). (C) Hyperglycemic 
WT db/db mice fed a high-fat diet showed increased immunoreactivity 
for Nrf2 in β cells, whereas db/db mice with β cell–specific overexpres-
sion of GPx-1 fed a high-fat diet showed no detectable staining for Nrf2 
(D). Scale bars: 50 μm.
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In conclusion, our studies demonstrate that hyperglycemia caused by a HFD causes oxidative stress 
and acute β cell injury in female ZDF rats. A return to a regular diet within 9 days resolved hyperglycemia 
and diminished oxidative stress, and it allowed endogenous β cell repair that could not be related to changes 
in apoptosis, replication, or increases in β cell mass. The findings of  Nrf2-specific immunoreactivity, both 
cytosolic and nuclear, as well as formation of  increased endogenous antioxidant protein in repaired β cells, 
provide potentially novel evidence that suggests the KEAP-1/Nrf2/antioxidant pathway plays a role in β 
cell self-repair. The translational relevance of  these observations lies in our evidence that prompt reversal of  
acute hyperglycemia allows β cells to repair themselves. These results also indicate that this acute phase of  
β cell repair identifies a point of  no return, beyond which the degree of  repair is insufficient to return β cells 
to full function. This clearly pertains to management of  clinical hyperglycemia in humans and suggests that 
prompt management to resolve states of  even mild degrees of  impaired glucose tolerance may facilitate 
maintenance of  β cell integrity and function, and potentially prevent progression to T2D.

Methods
Laboratory animals. Six-week-old female WT (+/+) obese ZDF rats and (+/–) lean ZDF rats were purchased 
from Charles River Labs. Females rather than males were chosen because they have a less severe form of diabe-
tes compared with male animals and therefore seemed more likely to undergo self-repair of β cells. Upon arriv-
al, they acclimated for 3 weeks and were ad lib fed a 17% fat diet (Formulab Diet 5008, Animal Specialties). 
Animals were weighed and nonfasting blood glucose measurements were obtained weekly using an Alphatrak 
hand-held glucose meter (Abbott Laboratories). On day 0, animals either continued the 17% fat diet or were 
switched to a 48% fat diet (RD12468, Research Diets). Weight, blood glucose, and plasma insulin levels were 
measured for the duration of the study. Eight groups of 8 animals were fed the 48% fat diet for 1, 2, 4, 7, 9, 18, 
or 28 days; at each of these time points, 4 subgroups of animals in each group were sacrificed, and the 4 others 
were switched back to the 17% fat diet. The latter animals were maintained on a 17% fat diet for an additional 
2–3 weeks and then were sacrificed. Two additional control groups of 8 animals each were fed either 17% or 
48% fat diets from day 0 until the end of the study, with no dietary interventions. At sacrifice, pancreata were 
harvested, fixed in 10% neutral buffered formalin, processed, and embedded in paraffin for sectioning.

Figure 7. Ultrastructural analysis of β cells by transmission 
electron microscopy (TEM). Examples of β cells from control 
ZDF (A–C), HFD (D–H), and diet-reversed ZDF animals (I–K). β 
Cells in control ZDF rats exhibit normal-looking distribution of 
secretory granules with the classical electron-dense crystal-
lized insulin cores and normal rough endoplasmic reticulum 
(RER) (C, arrowheads). Marked alterations can be noted in β 
cells from animals fed with HFD, including dysmorphic secre-
tory vesicles (D, arrowheads), disorganized Golgi apparatus (E, 
asterisks), numerous autophagic bodies (F, black arrowheads), 
increased cytosolic free ribosomes (F, white arrowheads), 
and substantial enlarged ER cisternae (G and H, arrowheads). 
These alterations were not found in β cells from diet-reversed 
animals, which exhibited normalized insulin granule distribu-
tion and well-organized ER (I–K, arrowheads). TEM analysis 
was performed on islets isolated from each experimental 
group (n = 2 animals per group). Images acquired from at least 
n = 20 nonconsecutive ultrathin sections per experimental 
group. Representative of n = 3 separate determinations. Scale 
bars: 300 nm (A, B, D–G, I, and J) and 70 nm (C, H, K).
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Measurements of  nonfasting glucose and insulin levels. Glucose was measured via tail vein puncture, using a 
handheld meter designed for measuring rodent blood glucose (Alphatrak meter, Abbot Laboratories). Larg-
er quantities of  tail vein blood were drawn to obtain serum that was frozen at –20°C and later used to mea-
sure insulin using a Rat/Mouse Insulin EIA from MilliporeSigma. Insulin tolerance testing was performed 
to assess insulin sensitivity, and i.p. glucose tolerance testing was performed to assess β cell function, both 
as previously described (40).

Immunostains for insulin and measurements of  β cell mass, proliferation, and apoptosis. Pancreata were 
removed from ZDF rats and fixed overnight with 4% formalin. Fixed tissues were processed for paraffin 
embedding, and 4 μm sections were prepared and mounted on slides. Each slide was treated with H2O2 
solution to inactivate endogenous peroxidase. Heat-induced antigen retrieval was carried out using antigen 
unmasking solution (Vector Laboratories). The sections were washed twice with Tris-buffered saline (pH 
7.4) containing 0.1% Tween-20 (TBST). Normal donkey serum (catalog 017-000-121), anti–guinea pig 
(catalog 706-035-148) and anti–rabbit IgG-HRP (catalog 711-035-152), and anti–guinea pig FITC (cata-
log 706-095-148) and anti–rabbit-Cy3 (catalog 711-165-152) conjugated secondary antibodies were pur-
chased from Jackson Immuno Research Laboratories. In situ cell death detection kit was purchased from 
Roche Diagnostics. Peroxo block and image FX signal enhancer was purchased from Invitrogen. All other 
reagents were of  pure or analytical grade, and buffers were filtered through 0.45-μm Millipore filters. Every 
40th pancreatic section was immunostained with guinea pig anti-insulin antibody (1:100; Invitrogen, PA1-
36022) and counterstained with hematoxylin. The β cell mass for each ZDF rat was quantified using Image 
Pro Plus software (Media Cybernetics) by obtaining the fraction of  the cross-sectional area of  pancreatic 
tissue (exocrine and endocrine) positive for insulin staining and then multiplying this by the pancreatic 
weight. Apoptotic cells were detected using the TUNEL method as per manufacturer’s protocol (R&D 
systems). For the determination of  apoptosis, all β cells per pancreatic section (5 sections per animal) were 
analyzed to determine the total number of  TUNEL-positive β cells. An average of  150 islets were counted 
per animal, and the percentage of  TUNEL-positive cells was quantitated.

Morphometric analysis of  markers of  oxidative stress. To determine the presence of  oxidative stress, pancre-
ata from both control ZDF rats fed with a 17% fat diet and HFD-treated ZDF rats fed with a 48% fat diet 
were fixed overnight with 4% formalin. Fixed tissues were processed for paraffin embedding, and 4-μm 
sections were prepared and mounted on slides. Sections from both groups of  animals were chosen at 25-μm 
intervals for immunolocalization of  4HNE, Nrf2, and HO-1, as well as insulin to identify β cells and E-cad-
herin to identify the pancreatic epithelium. Fifty sections per animal group were analyzed for morphomet-
ric measurements. Primary antibodies used for these experiments included anti-4HNE (Abcam, ab46545), 
anti-Nrf2 (Abcam, ab31163), and anti–HO-1 (Enzo Life Sciences), all used at 1:100 dilution and incubated 
overnight at 4°C. Following reaction with fluorophore-conjugated secondary antibodies (Jackson Immu-
noResearch) slides were mounted with DAPI containing mounting medium (Vector Laboratories) and 
viewed at a Nikon i90 microscope for image acquisition and analysis using NIS-Elements AR 3.2 (Nikon).

ImageStream flowcytometric analysis. The ImageStreamX MarkII (Amnis, MilliporeSigma) system is an 
imaging flow cytometer, combining features of  fluorescent microscopy and flow cytometry. Cells in suspen-
sion pass through the instrument in single file, where transmitted light, scattered light, and emitted fluores-
cence are collected at a rate of  up to 5,000 cells/s. This is accompanied by a dedicated image analysis soft-
ware (IDEAS), which allows advanced quantification of  intensity, location, morphology, and population 
statistics within tens of  thousands of  cells per sample. It allows analysis of  rare subpopulations in highly 
heterogeneous samples and gives rise to potentially novel applications that are difficult to achieve by either 
conventional flow cytometry or microscopy (41, 42). Cells were imaged by ImageStreamX mark II. At least 
1 × 103 cells were imaged from each sample. Images were analyzed using ideas 6.2 software (Amnis, Mil-
liporeSigma). Cells were gated first for focus using the Gradient root mean square feature then single cells 
using the area and aspect ratio features on the bright field image and finally intensity of  DAPI positive for 
intact cells. To quantify the effects of  the HFD vs. the control and the recovery diet, we plotted the intensity 
of  insulin staining and the bright field area measurement, which is equivalent to cell size.

TEM. Ultrastructural analysis on pancreatic islets from control, HFD, and diet-reversed ZDF animals 
was performed by TEM, as previously described with minor modifications (44–46). Briefly, islets were 
fixed immediately after isolation at 4°C in 0.1 M sodium cacodylate buffer, pH 7.4, 2% paraformalde-
hyde, 2.5% glutaraldehyde (Electron Microscopy Sciences), and 3 μM CaCl2. Samples were then postfixed 
with osmium tetraoxide (1% wt/vol in H2O) and counterstained with uranyl acetate (2% wt/vol in H2O).  
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After embedment in Durcupan resin (MilliporeSigma), ultrathin sections (70 nm) were prepared, mount-
ed on 300 mesh gold grids, and counterstaining with uranyl acetate (1% wt/vol in H2O) and Sato lead 
(1% wt/vol in H2O). Ultrathin sections were imaged at 80 keV using an electron microscope (JEOL 
JEM-1230), equipped with an AMT XR80 CCD camera.

Statistics. Values are expressed as mean ± SEM. Statistical analysis was conducted using InStat Biosta-
tistics 3.0 and Prism6, both from GraphPad Software Inc. Comparisons among the groups were done by 
1- or 2-tailed Student’s t test and 1-way ANOVA. P < 0.05 was considered as statistically significant.

Study approval. All procedures making use of  animal subjects were reviewed and approved by the 
IACUC of  the Pacific Northwest Diabetes Research Institute.
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