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Arginine deprivation/citrulline augmentation
with ADI-PEG20 as novel therapy for
complications in type 2 diabetes
Ammar A. Abdelrahman1,3, Porsche V. Sandow1,3, Jing Wang3,5, Zhimin Xu2,3, Modesto Rojas1,2,3,
John S. Bomalaski4, Tahira Lemtalsi2,3, Ruth B. Caldwell2,3,5, Robert W. Caldwell1,2,3,*
ABSTRACT

Objective: Chronic inflammation and oxidative stress mediate the pathological progression of diabetic complications, like diabetic retinopathy
(DR), peripheral neuropathy (DPN) and impaired wound healing. Studies have shown that treatment with a stable form of arginase 1 that reduces
L-arginine levels and increases ornithine and urea limits retinal injury and improves visual function in DR. We tested the therapeutic efficacy of
PEGylated arginine deiminase (ADI-PEG20) that depletes L-arginine and elevates L-citrulline on diabetic complications in the db/db mouse model
of type 2 diabetes (T2D).
Methods: Mice received intraperitoneal (IP), intramuscular (IM), or intravitreal (IVT) injections of ADI-PEG20 or PEG20 as control. Effects on body
weight, fasting blood glucose levels, blood-retinal-barrier (BRB) function, visual acuity, contrast sensitivity, thermal sensitivity, and wound healing
were determined. Studies using bone marrow-derived macrophages (BMDM) examined the underlying signaling pathway.
Results: Systemic injections of ADI-PEG20 reduced body weight and blood glucose and decreased oxidative stress and inflammation in db/db
retinas. These changes were associated with improved BRB and visual function along with thermal sensitivity and wound healing. IVT injections of
either ADI-PEG20, anti-VEGF antibody or their combination also improved BRB and visual function. ADI-PEG20 treatment also prevented LPS/
IFNℽ-induced activation of BMDM in vitro as did depletion of L-arginine and elevation of L-citrulline.
Conclusions/interpretation: ADI-PEG20 treatment limited signs of DR and DPN and enhanced wound healing in db/db mice. Studies using
BMDM suggest that the anti-inflammatory effects of ADI-PEG20 involve blockade of the JAK2-STAT1 signaling pathway via L-arginine depletion
and L-citrulline production.

� 2024 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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1. INTRODUCTION

Diabetes mellitus is a major health problem, affecting millions world-
wide [1]. Expansion of diabetic and aging populations contributes to
the high incidence of diabetic complications including diabetic reti-
nopathy (DR), peripheral neuropathy (DPN), and impaired wound
healing [1,2]. Preventive measures for diabetic complications rely
largely on tight glycemic control which is challenging, with limited
compliance [3]. Treatment of diabetic complications is also difficult and
mainly targets late-stage complications after tissue damage has
occurred [4]. Current pharmacologic therapies for DR depend largely
on intravitreal injections of anti-VEGF or steroids. This approach risks
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retinal damage and requires expensive tools and experienced practi-
tioners, making it largely inaccessible to underserved populations
[5,6]. Thus, the search for systemic treatments of DR, which can
reduce retinal inflammation, oxidative stress, and blood-retinal-barrier
(BRB) dysfunction, is extremely important.
DPN is also a common complication of diabetes, especially in patients
with type 2 diabetes (T2D). Current prevention strategy focuses on
enhanced glycemic control to decrease episodes of hyperglycemia.
However, T2D patients gain little, if any, protection with tight glycemic
control [7]. Management strategies for DPN focus mainly on symp-
tomatic treatment of neuropathic pain [8]. Disease-modifying therapies
have not provided significant clinical improvement, and many trials
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have shown ambiguous results [7,8]. Progression of DPN usually be-
comes complicated by impaired wound healing which leads to a
greater risk of debilitating foot ulcers and amputations [9].
Uncontrolled inflammation, upregulated oxidative/nitrative stress, and
impaired immune function are common factors in most diabetic
complications, and are critically involved in the pathogenesis of DR,
DPN, and impaired wound healing [10]. Previously, we have shown the
potential of L-arginine depletion with a stable pegylated form of argi-
nase 1 as a neuroprotective anti-inflammatory therapy in mouse
models of DR, ischemic retinopathy and CNS ischemia [11e13].
Arginase 1 cleaves L-arginine into urea and L-ornithine [14]. Depletion
of circulating L-arginine has been shown to halt the growth of certain
cancers which require L-arginine for growth, and are unable to recycle
L-citrulline back into L-arginine because they lack argininosuccinate
synthase (ASS-1) or argininosuccinate lyase (ASL-1) [15,16].
Currently, several amino-acid depleting agents e including L-arginine
depleting enzymes e are in clinical trials for cancer therapy [17e19].
Arginine deiminase (ADI) is a high affinity bacterial enzyme that cata-
lyzes the hydrolysis of the imino group of L-arginine to produce equal
molar amounts of L-citrulline, along with ammonia [15]. A PEGylated
stable form of ADI (ADI-PEG20) enhances the half-life of intravenously
injected ADI from 4.7 to 53 h in mice and reduces its immunogenicity
[20]. Further studies have shown that the ADI-PEG20 half-life in mice is
34.5 h with intramuscular injections, and 26.7 h with subcutaneous
injections [21]. This formulation of ADI can markedly deplete circulating
plasma levels of L-arginine from roughly 130 mM to less than 2 mM in
mice, pigs, and humans, while greatly elevating levels of L-citrulline
from less than 50 mM to over 500 mM [22e24]. L-citrulline has anti-
inflammatory properties, and has been shown to limit oxidative stress
and improve mitochondrial biogenesis in the cardiovascular system,
skeletal muscle, and central nervous system [23,25e28]. ADI-PEG20
recently demonstrated improved overall survival in a phase 3 clinical
trial in pleural mesothelioma [29].
Here, we examined the effectiveness of ADI-PEG20 in protecting against
DR, DPN and impaired wound healing in a mousemodel of T2D. We used
the leptin receptor deficient db/dbmouse model which exhibits impaired
retinal functions, disrupted peripheral sensory function, and delayed
wound healing [30e32]. We evaluated the potential of systemic delivery
of ADI-PEG20 to correct these pathological processes, and further tested
the effectiveness of intravitreal ADI-PEG20 delivery to protect retinal
functions in the db/db mouse. Studies in BMDMs examined potential
mechanisms of the ADI-PEG20 anti-inflammatory actions.

2. MATERIALS AND METHODS

2.1. Animal model
Studies were performed following the Association for Research in
Vision and Ophthalmology (ARVO) Statement for the use of animals in
ophthalmic and vision research and were approved by the Augusta
University Institutional Animal Care and Use Committee. Mice were
maintained at ambient temperature on a 12:12 h light/dark cycle and
fed ad libitum. Male db/db male mice (B6$BKS(D)-Leprdb/J - Stock No.
000697) and their male Db/þ littermates were obtained from Jackson
Laboratories (Bar Harbor, ME). Mice were housed in standard shoebox
cages (n ¼ 5/cage) with continuous access to water and standard
chow (Teklad 8904). Groups of db/db mice (16 weeks, when blood
glucose increase reaches plateau) were treated twice weekly with
either intraperitoneal (IP) or intramuscular (IM) injections of ADI-PEG20
(0.1 IU/gm). Twice weekly injections were given based on reports that
the half-life of ADI-PEG20 in mice which is 34.5 h with intramuscular
injections and 26.7 h with subcutaneous injections [21].
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Pharmaceutical grade ADI-PEG20 was provided by Polaris Pharma-
ceuticals, Inc (San Diego, CA). ADI-PEG20 is a recombinant arginine
deiminase covalently linked to PEG of 20,000 MW which increases its
half-life to about 10 days and decreases its immunogenicity [20]. PEG
20 (0.1 IU/gm PEG 20,000 MW) dissolved in histidine and 130 mM
NaCl buffer, (pH 6.6 to 7.0) was used as vehicle control.
Mice were assigned randomly to drug or vehicle control groups. All
analyses were performed by investigators blinded to the treatments.
The IP treatments were continued for 4 weeks and the IM injections
were continued for 12 weeks. Body weight was measured before each
injection to ensure appropriate dosing and to monitor weight change.
During the 12-week study, blood glucose levels from tail tip samples
were measured using a glucometer at 0, 4, 8, and 12 weeks after the
start of treatment. In both studies, mice were sacrificed 3 days after
the last dose, and their eyes were collected and prepared for analysis.
For intravitreal (IVT) injection, one eye of each mouse received drug
while the other received vehicle. Mice were treated at 16 weeks and
tested 7 and 14 days later. Each eye received 1 ml of goat anti-mouse
VEGF164 (AF-493-NA; R&D Systems, 200 ng), ADI-PEG20 (34 ng),
combination, or vehicle (PEG20). Dose of ADI-PEG20 was based on
equivalent enzyme activity compared to our previously published trials
with PEG-Arginase1 [33]. Sterile filtered phosphate-buffered saline
(PBS) was used to prepare the proper dilution. Lean littermate Db/þ
mice received 1 ml of PBS to control for injection effects.

2.2. Visual function studies
Visual acuity and contrast sensitivity were assessed using optokinetic
response tracking (OKT) (Cerebral Mechanics, Inc., Lethbridge, AB,
Canada) as described with minor modifications [34]. Briefly, sine wave
gratings were displayed across four LCD screens revolving around a
central stand. The optomotor reflex of the unrestrained mouse to the
rotating vertical sine wave grating was recorded by manual tracking of
reflexive head movements. To determine spatial frequency thresholds
for visual acuity, an increasing stairstep algorithm was utilized starting
at 0.042 cycles/deg (c/d) with 100% contrast. To determine the
contrast threshold, the spatial frequency was fixed at 0.092 c/d and a
decreasing stairstep algorithm was utilized starting with the maximum
contrast [35]. Manual tracking of visual reflexes was performed by an
investigator blinded to treatment status. Readings from clockwise (left
eye) or counterclockwise (right eye) were recorded and the average for
each mouse was used in the data analysis for mice treated with IP and
IM injections. For IVT injections, one eye received the indicated
treatment diluted in PBS and the other eye received PBS as vehicle
control. For mice treated systemically, data from both eyes of one
mouse was averaged in statistical analysis.

2.3. Thermal sensitivity test for peripheral neuropathy
To assess diabetic neuropathy, we monitored hind limb withdrawal to
elevated temperature. For the 4-week study, mice were placed on a
heated plate at 42�C in a room with controlled temperature (25 �C).
The plate temperature was then increased at 3�C/min. Response time
and temperature were recorded by the software (HotScan, AccuScan
Instruments, Inc. Columbus, OH). For the 12-week study, hind limb
withdrawal time from a static 50 �C-plate was visually detected and
recorded with the press of foot petal (HOT Plate Analgesia Meter, IITC
INC. Woodland Hills, CA). Mice were immediately removed once the
response was detected to avoid injury.

2.4. Wound healing assay
Groups of db/dbmice (16 week old) received ADI-PEG20 or PEG20 (0.1
IU/gm, IP) twice weekly for three weeks. Mice were anesthetized using
. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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isoflurane and the dorsal skin was shaved and cleaned with povidone-
iodine solution followed by 70% alcohol. One circular, full-thickness
dorsal skin wound was created on each mouse using a 6 mm bi-
opsy punch. A single dose of extended-release buprenorphine (Ethiqa
XR, Fidelis Pharmaceuticals, North Brunswick, NJ) was administered
for analgesia. Mice were placed on a warming pad (37 �C) until fully
recovered from anesthesia. Images of the wounds were taken
immediately after wounding and every two days for 8 days with a
standard metric ruler placed adjacent to the wounds. Wound areas
were determined using ImageJ software. The degree of wound closure
was calculated as a percentage of the baseline wound area.

2.5. Tissue collection and immunofluorescence imaging
Mice were anesthetized via isoflurane inhalation and perfused through
the left ventricle with phosphate buffer saline (PBS, 5 min). One retina
from each mouse was prepared for western blot analysis and the other
whole eye was fixed in 4% paraformaldehyde and prepared for cry-
osection sectioning for immunofluorescence studies [34]. The
following primary antibodies were used: 3-nitrotyrosine (3-NT)
(SigmaeAldrich Cat. #N0409, St. Louis, MO, USA; 1:300) and 4-
hydroxynonenal (4-HNE) (Abcam Cat. # ab46545, Cambridge, MA,
USA; 1:50). Imaging was performed using a Carl Zeiss 780 multiphoton
confocal microscope.

2.6. Blood-retinal-barrier (BRB) function
Disruption of BRB and vascular leakage were assessed by measure-
ment of albumin extravasation as previously described [13]. The
amount of tissue albumin in the retina protein lysate after trans-cardiac
perfusion was quantified by western blot.
Figure 1: Systemic ADI-PEG20 treatment decreases body weight and lowers fasting
of ADI-PEG20 or PEG20 over the course of the 4-week study (n ¼ 10e11/group). (B) Body
study (n ¼ 9e10/group). (C) Fasting blood glucose levels measured during the 12-week st
Db/þ PEG20 vs db/db ADI-PEG20.
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2.7. Western blot analysis
Retina protein lysates were separated on sodium dodecyl sulfate
(SDS)-polyacrylamide gels, transferred to polyvinylidene fluoride
(PVDF), blocked in 3% BSA (Bio-Rad, Hercules, CA, USA), and then
incubated overnight at 4 �C with the following antibodies prepared
in 3% BSA: tubulin (SigmaeAldrich Cat. # T-9026, St. Louis, MO,
USA; 1:1000), albumin (Proteintech Cat. # 16475-1-AP, Rosemont,
IL, USA; 1:1000), TNFa (Abcam, Cat. # ab1793, Cambridge, MA,
USA, 1:1000), iNOS (Santa Cruz Biotech. Cat # sc-7271, Dallas,
Texas, USA; 1:500) and IL-1b (Bioss Cat # BS-0812R, Woburn,
Massachusetts, USA; 1:500). The next day, membranes were
washed three times in Tris-buffered saline with 0.5% Tween-20
(TBS-T), and then incubated with the corresponding horseradish
peroxidase-conjugated secondary antibody (GE Healthcare, Piscat-
away, NJ, USA; 1:1000) for 1 h at room temperature. Signals were
detected using an enhanced chemiluminescence system (GE
Healthcare Bio-Science Corp., Piscataway, NJ, USA) and quantified
by densitometry using ImageJ software (version 1.49, National In-
stitutes of Health, Bethesda, MD, USA) and normalized to the loading
control.

2.8. Spectral domain OCT analysis of retinal structure
Mice were anesthetized with 73mg/kg ketamine hydrochloride/7.3 mg/
kg xylazine hydrochloride (SigmaeAldrich Co, St. Louis, MO). Pupils
were dilated with 1% tropicamide (Bausch & Lomb, Tampa, FL, USA),
followed by application of GenTeal Lubricant Eye Gel (Alcon, Fort Worth,
TX, USA), and Systane lubricant eye drops (Alcon). The Bioptigen
Spectral Domain Ophthalmic Imaging System, SDOIS (Bioptigen Envisu
R2200, Morrisville, NC, USA) was used as described previously [36].
blood glucose. (A) Body weights of db/db mice treated twice weekly with IP injections
weights of db/db mice and lean Db/þ mice treated by IM injection during the 12-week
udy (n ¼ 5e10/group). *p < 0.05 for db/db ADI-PEG20 vs db/db PEG20, #p < 0.05 for
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Thickness of the retinal layers was generated using DIVERS software
included with the instrument.

2.9. Plasma levels of L-citrulline
Blood was collected from the tail vein (4, 8, and 12 weeks) and
centrifuged at 1500 rpm for 15 min 4 �C to separate plasma from red
blood cells. Plasma was sent to Polaris Pharmaceuticals for HPLC
analysis of L-citrulline levels [37].

2.10. Bone marrow-derived macrophage (BMDM) isolation and
preparation
C57BL/6J mice (8e12 week) were sacrificed and hindlegs were
dissected. Using aseptic techniques, bone marrow was extracted from
tibia and femur bones following removal of surrounding muscles and soft
tissue. Joints were cut, and the exposed bone marrow was flushed out
with RPMI 1640 medium using a 5 ml syringe and a 25-gauge needle.
The cell suspension was centrifuged (1500 rpm, 10 min). Cells were
seeded in a 12 well plate and induced to differentiate by treatment with
M-CSF (10 ng/ml) in RMPI-1640 medium (R8758, SigmaeAldrich Co.)
with 10% FBS for 7 days. Media was changed 4 days post cell isolation.
Before treatment, BMDMs were serum deprived for at least 4 h. Then
interferon gamma (IFNg, 10 ng/ml) was added to serum free
RMPI1640 medium (R8758) and incubation was continued overnight.
Cells were exposed to IFNg (10 ng/ml) þ lipopolysaccharide (LPS)
Figure 2: ADI-PEG20 treatment reduces oxidative and nitrative stress in db/db retina
marker 4-HNE (4-hydroxynonenal) at 12-weeks and quantification of intensity in the tre
immunofluorescence images of retina sections for nitrative stress marker 3-NT (3-nitrotyro
4 (E) and 12 (F) weeks (n ¼ 9e10/group). (RGC: retinal ganglion cell layer, INL: inner
**p < 0.01, ***p < 0.001, ****p < 0.0001.
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(100 ng/ml) with graded concentrations of ADI-PEG20 or control PEG20
for 24 h. Homogenates were then collected for western blot analysis of
iNOS, TNF-a and IL-1b.
For L-arginine and L-citrulline treatment, modified RPMI-1640 was used
(R1780, SigmaeAldrich) without L-arginine, L-leucine, L-lysine and
phenol red. Before use, L-leucine (50 mg/L) and L-lysine (40 mg/L) were
added to themedium. BMDMs were first serum starved and then treated
with IFNg overnight as stated before. Cells were treatedwith IFNgþ LPS
in either modified RPMI-1640 medium containing 120 mM L-arginine
(normal plasma levels), 2 mM L-arginine (plasma levels observed with
ADI-PEG20 treatment), 50 mM L-citrulline (normal plasma levels), or.
500mM, L-citrulline (plasma levels observed with ADI-PEG20 treatment).
After 24 h, cell lysates were collected for western blot analysis.

2.11. Statistical analysis
Data are presented as mean� SEM. Outlying data points>3 standard
deviations from the mean were removed from calculations. Statistical
analyses were performed using ANOVA with a Tukey post-test. Values
p < 0.05 were considered statistically significant. For paired results
obtained from right and left eye from the same mouse, mixed effects
analysis was used followed by two-stage linear step-up procedure of
Benjamini, Krieger and Yekutieli for multiple comparisons [38]. These
analyses were performed using GraphPad Prism, version 9.4.1
(GraphPAD Software Inc.).
s. (A) Representative immunofluorescence images of retina sections for oxidative stress
atment groups after 4 (B) and 12 (C) weeks (n ¼ 9e10/group). (D) Representative
sine) at 12-weeks and quantification of intensity in retinas of the treatment groups after
nuclear layer, ONL: outer nuclear layer, IS/OS: inner/outer segment of photoreceptor)
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3. RESULTS

3.1. ADI-PEG20 treament promotes weight loss, reduces fasting
blood glucose, and increases plasma L-citrulline
During the 4-week IP treatment, ADI-PEG20 db/db mice progressively
lost weight, whereas the PEG20 mice tended to gain weight (Figure 1
A) which is congruent with the reported beneficial effect of ADI-PEG20
on energy metabolism in db/db mice [39]. A similar pattern of weight
change occurred with the 12 week IM injection study (Figure 1 B). The
PEG20 db/db group gained weight while the ADI-PEG20 group lost
weight and then plateaued, confirming a continued beneficial effect
with prolonged treatment. By day 28, there was no significant differ-
ence between the ADI-PEG20 db/db mice and the lean, non-diabetic
Db/þ mice. Over the 12-week treatment course, fasting blood
glucose levels for control PEG20 db/db mice were higher than the ADI-
PEG20 db/db and Db/þ mice. Fasting blood glucose in the ADI-PEG20
db/db mice was reduced compared with the PEG20 db/db control mice
but remained higher than the Db/þ mice (Figure 1C). Similar to other
studies [39], ADI-PEG20 injections IM elevated plasma L-citrulline
levels in db/db mice at 4, 8 and 12 weeks, ranging between w1000
and 650 mM, while normal levels in mice are about 60 mM [27]
(Supplemental Fig. 1).

3.2. ADI-PEG20 treatment suppresses retinal oxidative and
nitrative stress
One major driving factor of diabetic complications, including DR, is
elevated retinal oxidative and nitrative stress [40]. To evaluate the
effects of systemic ADI-PEG20 treatment on retinal oxidative and
Figure 3: ADI-PEG20 treatment reduces retinal inflammation and improves blood-ret
TNF-a (A, B), IL-1b (C, D), and iNOS (E, F) in retina protein lysate after 4 and 12 wee
extravasated albumin (G, H) in retina protein lysate after 4 and 12 weeks of treatment
****p < 0.0001.
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nitrative stress, we measured immunoreactivity to 4-hydroxynonenal
(4-HNE) and 3-nitrotyrosine (3-NT), respectively, in frozen retinal
sections. At the end of both the 4- and 12-weeks studies, the intensity
of 4-HNE immunofluorescence, which reflects lipid peroxidation and
reactive oxygen species levels, was significantly increased in retinas of
vehicle PEG20-treated db/db mice compared with lean, non-diabetic
Db/þ mice (Figure 2 A, B and C). Treatment of db/db mice with
ADI-PEG20 prevented this alteration in both the 4- and 12-weeks
studies. Additionally, 3-NT immunofluorescence intensity, a marker
of peroxynitrite production and protein nitration, was significantly
higher in vehicle PEG20-treated db/db mice compared to Db/þ mice
(Figure 2 D, E and F). Treatment with ADI-PEG20 also prevented this
effect.

3.3. ADI-PEG20 treatment reduces retinal inflammation
The role of inflammation in promoting diabetic retinal damage has
been confirmed in both humans and animal models [41]. To assess the
ability of ADI-PEG20 to limit pro-inflammatory processes, we
measured retinal levels of the pro-inflammatory cytokines tumor ne-
crosis factor-alpha (TNF-a) and interleukin I-beta (IL-1b) by western
blot. Retinas of PEG20 vehicle-treated control mice showed elevated
levels of TNF-a compared to lean Db/þ non-diabetic mice at the end
of the 4-weeks and 12-weeks studies (Figure 3 A, B). IL-1b was
significantly elevated in the 12-week group (Figure 3C, D). Treatment
of db/db mice with ADI-PEG20 IP for 4-weeks and IM for 12-weeks
prevented elevation of TNF-a, and blocked the rise in IL-1b at 12-
weeks. Production of cytotoxic levels of nitric oxide by the inducible
isoform of nitric oxide synthase (iNOS) is a well known mediator of
inal barrier function in db/db retinas. Representative western blot and quantitation of
ks of treatment (n ¼ 6e10/group). Representative western blots and quantitation of
(n ¼ 8e10/group). ns ¼ not significant, *p < 0.05, **p < 0.01, ***p < 0.005,
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inflammatory damage in murine models of diabetes [42]. Levels of
iNOS expression were significantly elevated in PEG20 vehicle treated
db/db retina protein lysates compared to the lean Db/þ mice at both 4
and 12 weeks (Figure 3 E, F). Systemic IP or IM treatment with ADI-
PEG20 significantly blocked these increases.

3.4. ADI-PEG20 treatment protects the blooderetina-barrier (BRB)
Extravasation of albumin into the retinal tissue reflects a breakdown of
the BRB [43]. Retinas of db/db vehicle control mice showed elevated
levels of albumin at both 4- and 12-weeks compared to lean Db/þ
control mice (Figure 3 G, H). Treatment with ADI-PEG20 prevented this
increase in both groups.
Since current drug therapies for DR are largely through intravitreal (IVT)
injections of anti-VEGF or steroid drug formulations [44], we also
investigated the effectiveness of IVT ADI-PEG20 compared to anti-
VEGF, alone and in combination. IVT injection with ADI-PEG20 (34
ng/1 ml) significantly reduced retinal albumin level at 14 days as
compared with the vehicle controls (Figure 4 A, B). Similarly, in eyes
injected IVT with anti-VEGF antibody (200 ng/1 ml), retinal albumin
levels were significantly lower than in eyes given vehicle injections and
similar the Db/þ mice. When ADI-PEG20 was combined with anti-
VEGF for IVT treatment, the albumin level was also lower and similar
to the other treatment groups.

3.5. Intravitreal and systemic ADI-PEG20 treatment improves visual
functions
We used OKT to assess visual functions inmice treatedwith IVT injections
of ADI-PEG20. Visual acuity and contrast sensitivity at both 7- and 14-
Figure 4: Intravitreal (IVT) delivery of ADI-PEG20 and/or Anti-VEGF improves blood-
blots and quantitation of extravasated albumin (A, B) in retinas from mice injected IVT w
expressed as fold change from Db/þ controls (n ¼ 9e10/group). Visual acuity and contra
their combination (Comb.) in one eye and PBS vehicle control in the other 7 (C, D) and 1

6 MOLECULAR METABOLISM 89 (2024) 102020 � 2024 The Author(s). Published by Elsevier GmbH
days post-injection were improved in all treatment groups (Figure 4C,
D, E, F). Although the anti-VEGF treatment and the combined anti-VEGF
and ADI-PEG20 treatment showed only a trend towards improvement
in contrast sensitivity at 7 days post injection, contrast sensitivity was
significantly improved in both groups by day 14 (Figure 4 E, F).
The effectiveness of systemic IP and IM treatments with ADI-PEG20 for
4-weeks and 12-weeks, respectively, was also examined. In the 4-
week study, PEG20 vehicle db/db mice showed significantly lower
visual acuity compared to Db/þ lean control mice. After two weeks of
IP treatment with ADI-PEG20, visual acuity of the db/db mice was
significantly improved compared to PEG20-treated db/db mice
(Figure 5 A). However, this improvement was not maintained after four
weeks of ADI-PEG20 treatment (Figure 5 A). During the IM study, visual
acuity of the ADI-PEG20 db/db mice was significantly improved at four
weeks and after the 12 week treatment period compared to PEG20
vehicle controls (Figure 5C). We also assessed visual contrast sensi-
tivity function in these same mice, which was also impaired compared
to Db/þ mice. In both the IP and IM study, ADI-PEG20 produced a
significant improvement (lower contrast threshold) over the entire
treatment periods compared to PEG20 vehicle controls (Figure 5 B, D).
While effects of systemic treatment can be attributed to systemic and/
or local effects, the IVT study shows that ADI-PEG20 is also effective
through local mechanisms.
Spectral domain-optical cohesion tomography (SD-OCT) was utilized to
measure retinal structure before and after the 4-week treatment. No
difference in total retinal thickness (Supplementary Fig. 2) or thickness
of the individual layers was detected among the groups (data not
shown).
retinal barrier function and visual function in db/db mice. Representative western
ith ADI-PEG20, Anti-VEGF, their combination (Comb) or vehicle (PBS). Quantification is
st threshold (CeF) for mice that received IVT treatment with anti-VEGF, ADI-PEG20, or
4 (E, F) days after IVT injections (n ¼ 9e10/group). *p < 0.05, **p < 0.01.
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Figure 5: Systemic ADI-PEG20 treatment improves visual functions in db/db mice. Visual acuity (A, C), measured as spatial frequency threshold, was determined every two
weeks in the intraperitoneal (IP) 4-week and intramuscular (IM) 12-week studies (n ¼ 9e10/group for both). Contrast sensitivity (B, D), measured as contrast threshold, was also
determined every two weeks in the 4- and 12-week studies (n ¼ 9e10/group for both). ns ¼ not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
3.6. ADI-PEG20 treatment preserves thermal sensitivity
Peripheral sensory neuropathy is a common complication of diabetes
that is also evident in the db/db mouse model [45]. We examined the
effect of the diabetic state and ADI-PEG20 on the hind limb withdrawal
response. Response times were significantly higher in PEG20 vehicle
control db/db mice compared to lean Db/þ controls in the 4-week IP
study (Figure 6 A). The ADI-PEG20 treatment prevented this impairment
of thermal sensitivity in db/db mice throughout the 12-week IM study
when mice were tested after 3, 6, 9, and 12 weeks of treatment.
(Figure 6 B).

3.7. ADI-PEG20 treatment improves wound healing
Impaired cutaneous wound healing is another complication of diabetes
[9]. We assessed the degree to which dorsal skin wounds closed over
a period of 8 days (Figure 6C) after 3 weeks of IP treatments. Wound
closure in the lean control Db/þ mice was the most rapid while that in
the db/db mice treated with the PEG20 vehicle was the slowest and
least complete. ADI-PEG20 treatment significantly increased the rate
and degree of closure above that of the vehicle control db/db mice at
days 6 and 8 (Figure 6 D). Together, these data confirm a systemic
improvement of diabetic complications (DR, DPN, wound healing) with
systemic ADI-PEG20 treatment.

3.8. ADI-PEG20, L-arginine, and L-citrulline effects on activated
bone marrow derived macrophage (BMDM)
Our studies showed that 24 h exposure to INFg/LPS elevated iNOS, IL-
1b, and TNF-a protein levels in PEG20 control (100 ng/ml) treated
MOLECULAR METABOLISM 89 (2024) 102020 � 2024 The Author(s). Published by Elsevier GmbH. This is an
www.molecularmetabolism.com
BMDM (Figure 7A, B and C). The largest increase was for iNOS.
Concurrent treatment with ADI-PEG20 (10, 35, or 100 ng/ml) reduced
production of all three inflammatory mediators in a concentration-
dependent manner.
We also examined the effects of altering levels of L-arginine and L-
citrulline concentrations on iNOS, IL-1b, and TNF-a protein expression
in response to INFg/LPS. L-arginine treatment at normal in vivo plasma
level (120 mM) allowed a robust increase in all three proteins. However,
low levels of L-arginine (2 mM), a plasma level also found in animals
and humans treated with ADI-PEG20 [23], completely blocked this
increase (Figure 8 A, B). We also determined the effects of elevated
and normal plasma levels of L-citrulline (500 and w50 mM, respec-
tively) that have been reported in the plasma of animals and humans
treated with or without ADI-PEG20 [23]. The 500 mM L-citrulline
strongly suppressed all three inflammatory mediators (Figure 8C, D).
We also examined potential underlying signaling mechanisms by
determining L-citrulline effects on activation/phosphorylation of JAK2 in
BMDMs by assessing the ratio of p-JAK2/JAK2. As shown in Figure 8 E
and F, L-citrulline (500 mM) prevented the increase in the p-JAK2/JAK2
ratio below levels to observed with INFg/LPS treatment with normal
physiological levels of L-citrulline (50 mM).

4. DISCUSSION

Our study examined the effects of systemically administered ADI-
PEG20 on diabetes-induced visual dysfunction, retinal oxidative/
nitrative stress and inflammation, and breakdown of the BRB along
open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/). 7
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Figure 6: Treatment with ADI-PEG20 improves heat sensitivity and wound closure. Paw withdrawal response time to a thermal stimulus was assessed at the end of the 4-
week study (A) and every three weeks for the 12-week study (B) (n ¼ 6e7/group for 4-week study, n ¼ 9e10/group for 12-week study). ns ¼ not significant, **p < 0.01,
***p < 0.001, ****p < 0.0001 Wound healing was assessed after 3 weeks of IP treatment. Representative images and quantitation (C, D) of wound closure progress as
percentage of baseline wound area at baseline and over 8 days of treatments. (n ¼ 5e8/group). ns ¼ not significant, #p < 0.05 db/db PEG20 vs db/db ADI-PEG20, **p < 0.01,
***p < 0.001 and ***p < 0.0001 Db/þPEG20 vs db/db PEG20.
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with and peripheral sensory loss, and impaired wound healing in the
db/db mouse model of T2D. Effects of IVT injections of ADI-PEG20
alone and in combination with Anti-VEGF on BRB and visual function
were also determined.
ADI is a bacterial enzyme that enables bacteria to survive in various
phagocytes, and contributes to bacteria pathogenesis by protecting
bacteria from acidic environments through the production of ammonia
from L-arginine [46,47]. This protective mechanism may involve pre-
vention of phagosome/lysosomal acidification and fusion and/or
depletion of the L-arginine required for iNOS-induced production of
bactericidal NO [15].
In a mouse model of inflammatory bowel disease, ADI-PEG20 has
shown anti-inflammatory and protective effects through reduction of
macrophage infiltration, and decreased iNOS expression [48]. A sys-
temic decrease in NO production with ADI-PEG20 treatment has been
shown in patients with hepatocellular carcinoma and hepatitis C virus
[49]. Our study showed that systemic ADI-PEG20 treatment decreased
iNOS protein in retinal lysates of obese diabetic db/db mice. Although
the mechanisms involved are not clear, L-arginine depletion can reduce
iNOS expression through phosphorylation of the mRNA translation
eukaryotic initiation factor 2 a (eIF2a) by the amino acid sensing
protein kinase general control nonderepressible-2 (GCN2) [50].
Moreover, L-arginine depletion can inhibit mammalian target of
8 MOLECULAR METABOLISM 89 (2024) 102020 � 2024 The Author(s). Published by Elsevier GmbH
rapamycin complex 1 (mTORC1) activation and promote autophagy,
which, depending on the cellular context, can be cytoprotective or
induce apoptosis [51e53]. In T2D, mTORC1 hyperactivity contributes
to insulin resistance and hyper-inflammatory states associated with
diabetic complications [54e56]. Suppression of mTORC1 is associated
with protective anti-inflammatory responses in diabetic complications
[56].
In addition to L-arginine depletion, ADI-PEG20 treatment leads to
elevated L-citrulline production in both plasma and tissues including
brain [23]. L-citrulline appears to be an anti-inflammatory signal that
prevents pro-inflammatory macrophage activation, and reduces anti-
bacterial host defense by suppressing JAK2-STAT1 signaling [57].
Evidence for this is a rapid decline in macrophage L-citrulline levels
with LPS/INF-g stimulation and strong suppression of NO production
by iNOS with supplemental L-citrulline [57]. In addition, elevated
plasma L-citrulline levels due to ADI-induced conversion of L-arginine,
have other favorable effects. L-citrulline can be rapidly transported into
a variety of cells through L-type amino acid transporter 1, and recycled
back into L-arginine by ASS-1 and ASL-1, which are expressed in most
cell types [27]. Thus, normal cellular functions can be maintained. This
is very important for regulation of vascular blood flow through the
production of moderate levels of NO by endothelial cell NOS (eNOS) and
also limits NO production by iNOS in macrophages responding to
. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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Figure 7: Treatment with ADI-PEG20 reduces production of inflammatory markers in activated bone marrow-derived macrophages (BMDM). Representative western
blots and quantitation of iNOS (A), TNF-a (B), and IL-1b (C), in IFNg/LPS activated bone marrow derived macrophages (BMDM) treated with 10, 35 or 100 ng/ml of ADI-PEG20 or
100 ng/ml PEG20 as control. n ¼ 3/group, ns ¼ not significant, *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.
inflammatory signals such as endotoxins [23,27]. The divergent ability
of L-citrulline recycling to replenish L-arginine to eNOS, but not iNOS
has been reported in several in vitro studies. This difference probably
reflects the limits on L-citrulline entry and recycling in macrophages
which thereby limits L-arginine availability to iNOS [27,58]. Addition-
ally, L-citrulline can be converted to L-arginine by ASS/ASL in T-cells,
thus replenishing L-arginine levels and boosting host immunity [59].
Supplemental L-citrulline has also been shown to be a therapeutic
adjunct in disease states associated with L-arginine deficiencies [60].
While effects of ADI-PEG20 treatment on specific pathological com-
plications of diabetes can be the result of tissue specific effects,
generalized systemic effects cannot be excluded. A recent study re-
ported that reduction of hepatic and systemic L-arginine levels by ADI-
PEG20 increased basal caloric expenditure, improved insulin sensi-
tivity, and reversed dyslipidemia and inflammation in obese, diabetic
db/db mice [39]. This occurred through activation of systemic auto-
phagic flux and hepatic secretion of FGF21, a factor that mimics fasting
[39]. In our study, systemic ADI-PEG20 treatments resulted in pro-
gressive weight loss in the db/db mice that approached baseline Db/þ
controls, and lowered fasted blood-glucose levels compared to PEG20
db/db mice at the end of the 12-week IM treatment period.
We assessed the potential efficacy of localized delivery of ADI-PEG20
by performing IVT injections. This protected against visual dysfunction,
and inhibited breakdown of the BRB like the effects observed in the
systemic studies. Although we did not detect an added benefit of
combining ADI-PEG20 with anti-VEGF IVT injections, further evaluation
of possible benefits in decreasing required doses and/or increasing
dosing intervals of anti-VEGF therapy is warranted.
Systemic IP injections of ADI-PEG20 improved visual contrast sensitivity
through 4 weeks in the T2D mouse model. However, the protective
effect on visual acuity evident at 2 weeks of treatment was not main-
tained through 4 weeks. This could be due to limited sample size or
MOLECULAR METABOLISM 89 (2024) 102020 � 2024 The Author(s). Published by Elsevier GmbH. This is an
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development of an immune reaction to ADI. Although pegylation of ADI
reduces its immunogenicity, ADI-PEG20 retains enough immunoge-
nicity for development of antibodies against it [18]. This could affect the
bio-distribution of ADI-PEG20 due to opsonization and elimination by the
reticuloendothelial system [61]. However, this was not seen in the 12-
week IM injection study where the improved visual acuity observed with
ADI-PEG20 treatment was maintained at 4 weeks and through the
remaining time points measured. It is important to note, injections in
the12-week were IM while those in the 4 week study were IP. Cancer
studies utilizing ADI-PEG20 often administer the drug via IM injections,
which was our reasoning for using this route for the 12-week study. Our
data suggests IM may be a more effective mode of delivery. Differential
distribution of ADI-PEG20 and subsequent development of neutralizing
antibodies can be affected by the route of administration, and further
studies are needed to optimize treatment outcomes.
In addition to limiting DR in the db/db mice, systemic delivery of ADI-
PEG20 also protected against diabetes-induced impairment of pe-
ripheral sensory function. Obese, diabetic db/db mice exhibit impaired
peripheral sensory function which can be assessed as delayed paw
withdrawal responses to thermal stimuli [45]. We found that ADI-
PEG20 maintained thermal sensitivity. Pathological development of
diabetic peripheral neuropathy (DPN) in diabetic mice is not well un-
derstood [7]. However, there is evidence for involvement of iNOS in
DPN in streptozotocin-induced diabetic mice where a reduction in iNOS
levels was associated with reduction in DPN [62]. One possibility for
the restored thermal sensitivity we observed could be that ADI-PEG20
reduces iNOS expression and levels of NO production via reducing L-
arginine availability [50]. Studies on the role of L-arginine depletion in
the development of DPN are warranted.
Similar to DPN, cutaneous wound healing is also impaired in db/db
mice [32]. In our experiments, the IP treatment with ADI-PEG20
significantly improved rate of wound healing. Hyperglycemia is
open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/). 9

http://creativecommons.org/licenses/by-nc/4.0/
http://www.molecularmetabolism.com


Figure 8: Effects of L-Arginine and L-Citrulline treatments on markers of inflammation, oxidative stress and JAK/STAT1 signaling in activated BMDM. Representative
western blots and quantitation of iNOS, IL-1b, and TNFa (A,B,C,D) in IFNg/LPS activated BMDM treated with L-Arginine (120 or 2 mM) or L-citrulline (50 or 500 mM). Representative
western blots and quantitation of p-JAK2 and JAK2 (E, F) in IFNg/LPS activated BMDM after treatments with 50 or 500 mM of L-Citrulline. (n ¼ 3/group). ns ¼ not significant,
*p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.
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known to sensitize macrophage responses to cytokines, and disturb
their phagocytic activity [63]. In addition, free fatty acids, such as
palmitate, have been reported to increase mTORC1 activation and
impair removal of apoptotic cells by macrophages [54]. Together,
these effects of the diabetic environment on macrophages result in
impaired functions and impaired wound healing [64]. Our in vitro
studies of LPS-IFNg-treated BMDM suggest that the anti-inflammatory
effects of ADI-PEG20 are likely to involve L-arginine depletion and L-
citrulline production. Additional studies of the actions of ADI-PEG20
and elevated levels of L-citrulline on macrophage polarity and repar-
ative functions are strongly warranted.

5. CONCLUSION

In conclusion, treatment of obese, diabetic db/dbmice with ADI-PEG20
limits inflammatory and oxidative damage in the retina, maintains BRB
function, and improves visual acuity and contrast sensitivity. This
treatment also prevents T2D. Our results support the therapeutic use of
ADI-PEG20 in diabetic retinopathy and other diabetic complications. Its
safety for human use has been established [18,65].

6. LIMITATIONS

While our Western blot analyses showed significant decreases in TNF-
a, IL-1b, and iNOS, further studies evaluating additional inflammatory
mediators and additional methods (i.e. PCR, ELISA) are needed to fully
10 MOLECULAR METABOLISM 89 (2024) 102020 � 2024 The Author(s). Published by Elsevier GmbH
define the impact of the ADI-PEG20 treatment on the inflammatory
responses. Also, the beneficial effects of IVT injections of ADI-PEG20
on BRB and visual function help support an independent effect of
the drug treatment on the development of DR. However, because
systemic treatment with ADI-PEG20 limits weight gain and hypergly-
cemia as well as improving DPN and wound healing, we cannot rule
out an indirect mechanism in these effects secondary to the sup-
pression of T2D.
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