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Individuals with alcohol use disorder (AUD) show elevated brain metabolism of acetate at the expense of glu-
cose. We hypothesized that a shift in energy substrates during withdrawal may contribute to withdrawal severi-
ty and neurotoxicity in AUD and that a ketogenic diet (KD) may mitigate these effects. We found that inpatients
with AUD randomized to receive KD (n = 19) required fewer benzodiazepines during the first week of detoxifi-
cation, in comparison to those receiving a standard American (SA) diet (n=14). Over a 3-week treatment, KD
compared to SA showed lower “wanting” and increased dorsal anterior cingulate cortex (dACC) reactivity to al-
cohol cues and altered dACC bioenergetics (i.e., elevated ketones and glutamate and lower neuroinflammatory
markers). In a rat model of alcohol dependence, a history of KD reduced alcohol consumption. We provide
clinical and preclinical evidence for beneficial effects of KD on managing alcohol withdrawal and on reducing

alcohol drinking.

INTRODUCTION

Alcohol use disorder (AUD) is a chronic, relapsing brain disorder
that accounts for 5% of deaths globally (1). Chronic alcohol con-
sumption in AUD is associated with impairments in multiple
cognitive domains, including executive, perceptuomotor, and visu-
ospatial functions, and with disrupted brain structure and function
(2-6). Alcohol withdrawal in AUD involves distressing symptoms
such as dysphoria, tremor, anxiety, restlessness, and insomnia and
can be neurotoxic and life threatening (7). The motivational and
somatic signs of alcohol withdrawal are hypothesized to perpetuate
alcohol drinking and favor relapse. Hence, there is an urgent need
to identify interventions that can minimize withdrawal symptoms
and promote abstinence.

Targeting the effects of alcohol on switching brain energetics
may have potential as a promising therapeutic intervention. Acute
alcohol ingestion decreases glucose metabolism in the human brain
and increases the metabolism of acetate, a metabolite of alcohol
(4, 8), and this effect is accentuated in individuals with AUD (8).
With chronic alcohol drinking as in AUD, there is an increase in
brain use of acetate and ketone bodies [i.e., acetoacetate (AcAc), acetone,
and beta-hydroxybutyrate (BHB)] as energy substrates (4, 9).

The shift from glucose to acetate metabolism in AUD persists
beyond the acute intoxication state. During sobriety, patients with
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AUD show higher brain acetate metabolism and lower brain glucose
metabolism compared with controls (4, 9), which was also observed
in preclinical studies (10). Thus, we hypothesize that a paradoxical
energy-deficit state in the brain emerges during alcohol detoxi-
fication when acetate levels in plasma decrease and that this con-
tributes to withdrawal symptoms and neurotoxicity in patients with
AUD (4).

Ketogenic diets (KDs; high fat, low carbohydrate, and protein)
increase ketone bodies (i.e., AcAc, acetone, and BHB) in plasma
and brain by breaking down fat in the liver (11). This state of
“metabolic ketosis” is similar to a fasting state, and ketone bodies
can be used by the body and brain as alternative energy source to
glucose (11). In healthy controls, a dual-tracer positron emission
tomography brain imaging study showed that KD reduced brain
glucose metabolism and increased brain ketone metabolism (11)
similar to what is observed in patients with AUD (3, 7). Clinically,
KDs are used therapeutically to reduce seizures in patients with
epilepsy (12). KD has other health benefits, including reductions
in appetite and food intake (13). In obese individuals, a 4-month
KD lowered food craving and notably craving for alcohol (13),
suggesting that KD may also have beneficial effects on alcohol
craving and consumption. In laboratory rodents, KD decreased
symptoms of acute alcohol withdrawal as compared to regular
chow (14, 15). However, whether a KD could be therapeutically
beneficial for treating alcohol-related withdrawal symptoms
in humans with AUD undergoing detoxification remains to be
determined.

Here, we evaluated whether metabolic ketosis has a therapeutic
benefit in managing withdrawal and craving in inpatients with
AUD undergoing detoxification. For this purpose, we studied 33
treatment-seeking patients with AUD during detoxification and
randomized them into a KD (n = 19) or a standard American (SA)
diet (n = 14) for 3 weeks. Patients underwent weekly 'H magnetic
resonance spectroscopy ("H-MRS) scanning to measure levels of
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brain ketones, amino acids relevant for the tricarboxylic acid (TCA)
cycle [glutamate (Glu) and glutamine] (16, 17), and markers of
neuroinflammation [myo-inositol (mI) and choline (Cho)] (18).
Serum ketone levels were measured once per week, and urine AcAc
levels were assessed daily. We aimed to test the effect of KD in
AUD participants on (i) acute withdrawal symptoms and need for
benzodiazepines within the first week of study; (ii) alcohol craving
and brain reactivity to alcohol cues using functional magnetic reso-
nance imaging (fMRI) during the 3 weeks of study; and (iii) brain
ketones, mI, Glu, and Cho during the 3 weeks of study (three scans).
The dorsal anterior cingulate cortex (AACC) was our main region
of interest (ROI) for both fMRI and MRI, given its involvement in
inhibitory control, decision making, reward prediction, control of
alcohol craving, and cue reactivity (19-21). Likewise, in the ACC
(including the dACC), volumetric deviations (21), reactivity to
alcohol cues, and gamma wave activity have been associated with
higher alcohol consumption and with relapse (22-24). In addition,
chronic alcohol use is associated with reduced glucose metabolic
cost in dACC (25), and the dACC provides good-quality "H-MRS
spectra (26). We hypothesized that KD would reduce acute withdrawal
symptoms, the need for benzodiazepines to manage withdrawal
symptoms, and alcohol craving during detoxification in patients
with AUD. Because KD increases ketone body AcAc in the brain
(11), we also predicted that dACC ketone levels of AcAc, acetone,
and BHB would increase with KD.

In a parallel study using a validated rodent model of alcohol
dependence that produces symptoms similar to those observed in
humans with AUD (27, 28), we aimed to assess the effects of a KD
in alcohol self-administration. However, uncovering that the KD
markedly increased blood alcohol levels (BALs) compared to ani-
mals on a regular diet (>5-fold; fig. S1), we tested the animals in-
stead shortly after KD discontinuation. We hypothesized that a
history of a KD would decrease alcohol self-administration during
withdrawal as compared to a history of a regular rodent diet.
Overall, the main aims of the present study were to (i) test the ef-
fects of KD on alcohol withdrawal and craving in human inpa-
tients with AUD during detoxification and (ii) the effects of a KD
on alcohol consumption in a rodent model of alcohol dependence,
which we used as a preclinical surrogate for the effects of KD on
alcohol craving and wanting. Together, these studies provide evi-
dence for clinical efficacy of metabolic ketosis for both alcohol with-
drawal in AUD and alcohol consumption in rats.

RESULTS

Clinical studies

Urine and blood ketones

Table 1 provides demographics and clinical characteristics of the
KD and SA groups. A 4:1 (grams of fat-to-grams of carbohydrate
and protein ratio) KD significantly increased urinary AcAc and
blood BHB (n = 19) compared to SA (n = 14; group x time interac-
tion: AcAc: F18,558 =11.6, P < 0.0001, T]2 = 0.27; BHB: F3,93 = 67.0,
P < 0.0001, n* = 0.68), with plasma BHB levels of >4 mM. Group
differences in urinary ketones, which did not differ on the morning
after diet initiation (day 2; t3; = 1.2, P = 0.2), were significant on day 3
(t31 = 2.9, P = 0.009) and thereafter (all P < 0.001). Blood ketones
did not differ between groups before diet initiation (t3; = 1.4,
P =0.2) and became significantly elevated in the KD group in week 1
and thereafter (all P < 0.001; Fig. 1).
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Table 1. Demographics and clinical characteristics of the KD and
SA groups. ADS, Alcohol Dependence Scale; BRAC, Breath Alcohol

Concentration; CIWA-Ar, Clinical Institute Withdrawal Assessment (revised

version); IQ, intelligence quotient; TLFB, Timeline Followback; WASI,
Wechsler Abbreviated Scale of Intelligence.

KD (n=19) SA (n=14) P value
Age (years) 44.2(16.4) 0.311
3 fema les (2 /o)
Sex . h
12 males ( 3%) 1 1 maIes ( 9%)
BMI admission 24 5 (3 4) 27 6 (5 4) 0.051
Study weight
|OSS (kg) 1.4(2.8) 1.8(2.2) 0.692
Mean calorles
per day during 2674.3 (469.2) 2632.1(261.5) 0.764
study (kcal)
6 Black/ 6 Black/
= African-American African-American
Ethnicity 11 White, 6 White, 0.694
2 Multiracial 2 Multiracial

Yearsof e e
educatlon 12.7 (2.8) 14.2 (2.5) 0.110
WASI IQ 99 2 (16 3) 98 3 (22 5) 0.892

. 10 smokers 9 smokers 0.503
Smokmg status > SUTCVST—

9 nonsmokers 5 nonsmokers
LDH (kg) . 1414 4 (1462 6) 0.320
TLFB drlnks/day 15 2 (8 4) 17 0 (9 8) 0.584
TLFB no. of
drinking days 73.0(21.1) 79.7 (13.0) 0.299
ADS 21.0 (9.8) 23.6(7.2) 0.399
Days since last
drink admission 0.58 (1.0) 0.9 (1.4) 0.514
BRAC at 0.10(0.12) 0.10(0.12) 0.920
adm|55|on
CIWA-Arscore at 6.4 (4.9) 5.4.(4.2) 0.540
adm|35|on
Benzodlazeplnes
(mg) at 49.0 (41.2) 34.3 (36.9) 0.300
admission
Benzodiazepines L s S 10 oxazepam and
lazep diazepam, and 3 P 0.375
at admission (n) 4 none
none

MADRS
depression at 18.2 (9.0) 21.7 (12.4) 0.355
baselme
Amiety at 127 (6.4) 156 (9.1) 0.305
baseline

Alcohol withdrawal and benzodiazepine use

At admission (before diet initiation), 16 of 19 patients who would
be subsequently randomized to KD received benzodiazepines
(3 diazepam, 13 oxazepam, and 3 none), and 10 of 14 patients who
would be randomized to SA received oxazepam (0 diazepam and
4 none). Diazepam doses were multiplied by 2 for the relative dose
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of oxazepam (clincalc.com/benzodiazepine). After randomization
and diet initiation (within 2 days of admission), there was a signifi-
cant effect of group x time on benzodiazepine cumulative dose in
milligrams (F3 96 = 4.8, P = 0.004, nz = 0.13), with the KD group
requiring less benzodiazepines than the SA group (Fig. 2A); groups
differed on day 2 (f3; = 2.2, P = 0.057) and day 3 (3; = 2.6, P = 0.013).
Table S2 lists mean dosages of benzodiazepines for each day. While
the cumulative dose of benzodiazepines in KD decreased by 39%
(from 86.8 + 92.7 SD before diet initiation to 34.2 + 79.4 SD after
diet initiation), the cumulative dose in SA increased by 187% (from
83.6 + 78.2 before diet initiation to 156.4 after diet initiation)
(Fy31 =10.9, P =0.002, n? = 0.26). The group x time effect on
benzodiazepine use remained significant with a 1:3 conversion of
diazepam:oxazepam, which is an alternative conversion equivalency
(globalrph.com/medcalcs/benzodiazepine-converter-dosage-conversions),
or when removing those three participants who received diazepam
(F386 = 4.8, P=0.004, 1’ =0.15). Although the groups did not differ
at admission (Fig. 2B), after diet initiation, there was a trend for
fewer patients with AUD needing benzodiazepines in the KD com-
pared to SA group (X1,332 =3.2, P=0.07; Fig. 2C).

The group x time effect on the rating for maximum withdrawal
from the Clinical Institute Withdrawal Assessment-Alcohol re-
vised (CIWA-Ar) (29) showed a trend for significance (F3gg = 2.5,
P =0.067, n* = 0.08; fig. S2). Group differences, however, were not
significant for any day before or after diet initiation. The lack of a
significant effect probably reflects the clinical standard use of ben-
zodiazepines on an “as needed” basis to reduce moderate to severe
withdrawal symptoms. The average maximum CIWA score was
strongly associated with cumulative benzodiazepine use (r33 = 0.646,
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Fig. 1. Urine and blood ketone levels of KD and SA participants. (A) Uri-
nary levels of AcAc and (B) serum levels of BHB in KD and SA. **P <0.01 and
***P < 0.001, different from SA. The slight decrease in week 3 compared to
week 2 for urine and blood measures reflected two participants who were not
compliant with the KD in week 3, one for 1 day and the other for 2 days.
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P <0.0001), both in KD (r19 = 0.72, P < 0.001) and in SA (r14 = 0.58,
P =0.029). Moreover, the maximum CIWA for each day correlated
with the benzodiazepine dose for each day (admission: r33 = 0.39,
P =0.023; day 1: r33 = 0.78, P < 0.0001; day 2: r33 = 0.78, P < 0.0001;
day 3: r33 = 0.83, P < 0.0001; day 4: r33 = 0.72, P < 0.0001; day 5:
r33 = 0.86, P < 0.0001; day 6: 33 = 0.98, P < 0.0001).

Alcohol cue reactivity

Mean ratings of “wanting” with exposure to alcohol cues relative to
the neutral cues used in the fMRI cue reactivity task decreased over
time in the KD (F,3; = 6.6, P = 0.004, n2 = 0.29) but not in the SA
group (F,24=0.5, P=0.62, 'r'|2 =0.04), and the group x time interac-
tion effect was significant (F, 56 = 4.9, P = 0.048, 7 = 0.20; Fig. 3A).
There were no significant group effects for wanting ratings when
exposed to food cues versus neutral cues or for valence ratings of
alcohol cues or food cues, relative to neutral cues (Fig. 3B).

The fMRI cue-reactivity paradigm revealed a main effect for
alcohol > neutral cues with activation of clusters in superior tempo-
ral and frontal gyrus, as well as precuneus/posterior cingulate cortex
(all Pewg < 0.05), and deactivation in cerebellum, occipital cortex,
and fusiform gyrus (Ppwg < 0.05) in both groups (table S3 lists the
main effects and interaction effects for alcohol > neutral and food >
neutral contrasts at P < 0.005, k > 50). The group x time interac-
tion effect for alcohol > neutral cues showed elevated dACC activa-
tion in the KD compared to the SA group over time {peak
Montreal Neurological Institute (MNI) space = [4, 30, 18], ¢ = 4.02,
Prwg = 0.028 [small volume corrected (SVC)]; Fig. 3, C and D}. The
dACC blood-oxygen-level-dependent (BOLD) responses to alcohol
cues did not correlate with the scores for alcohol craving or wanting
following alcohol cues exposure (all P> 0.1).

The food > neutral cues also showed the main effects of activa-
tion in precuneus/posterior cingulate cortex, superior temporal and
superior frontal gyrus, and deactivation in cerebellum and inferior
and middle frontal gyrus (Ppwg < 0.05). The group x time interac-
tion showed greater dACC activation in KD compared to SA over
time (peak MNI = [4, 28, 12], t = 3.66, Prwg = 0.003; SVC;
Fig. 3, E and F). The dACC cluster also comprised the medial
prefrontal cortex and was significant at the whole-brain level along
with the bilateral insula (see table S3).

Brain energetics and neuroinflammation markers

The 'H-MRS measures in dACC (Fig. 4, A and B) revealed signifi-
cant group x metabolite [multivariate analysis of variance (MANOVA)
Fss = 7.2, P < 0.001, n* = 0.59] and group x time (Fsa = 3.5,
P =0.044, 0 = 0.20) interaction effects (Fig. 4, C to H). Creatine (Cr)
levels did not differ between groups or over time and was hence
used to normalize the other spectroscopic measures. BHB levels

After diet initiation
#

100
80

° 60
40

Il Oxazepam
No oxazepam

84% 20

Fig. 2. Benzodiazepine use during the first week of detoxification. (A) KD participants needed significantly less benzodiazepines during the first week of withdrawal.
(B) KD and SA patients needed benzodiazepines at similar levels at admission before diet initiation. (C) After diet initiation, fewer patients needed benzodiazepines for
the KD than the SA group. *P < 0.05, different from KD; #P < 0.09, a trend effect compared with KD.
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Fig. 3. Weekly alcohol cue reactivity task. (A) Alcohol wanting ratings of alcohol
cues were lower in KD than SA after diet initiation. (B) There were no group
differences for wanting ratings caused by food cues. (C) There was a significant
group X time for brain reactivity to alcohol > neutral cues in dACC (Prwe < 0.05)
with (D) increased dACC reactivity in KD > SA in week 3 >week 1. (E) There was a
significant group X time for brain reactivity to food > neutral cues in dACC
(Prwe < 0.05) with (F) elevated dACC reactivity in KD > SA in week 3 > week 1.
*P <0.05 and **P<0.01, difference between KD and SA; #P <0.09, a trend effect
compared with KD. Photo credit: Corinde Wiers, NIH/NIAAA.

could not be accurately assessed in our "H-MRS. Levels of acetone
(2.22 ppm) and AcAc (2.29 ppm) (Cr normalized) increased in
KD versus SA over time (group x time acetone: F, 53 = 3.4, P = 0.04,
nz =0.11; AcAc: F,53 = 6.3, P = 0.004, nz = 0.18), and the effect of
group (acetone: Fy 9 = 12.3, P = 0.001, n2 =0.30; AcAc: Fy1 29 =8.7,
P =0.006, > = 0.23) revealed higher levels in KD than SA [acetone,
week 1: t1g0 = 2.4, P = 0.016; week 2: t95 = 4.3, P = 0.0004; week 3:
t173=0.001; AcAc, weeks 1 and 2, not significant; week 3: 33 =5.4,
P =0.00002 (Fig. 4, C and D)]. Figure S3 provides summed spectra
of the KD and SA groups.

The KD group, compared to SA, showed higher glutamate (Glu)
(group effect: Fy 50 =4.7, P = 0.039, 1? = 0.14), which was significant
in week 2 (t39 = 2.2, P = 0.034) and week 3 (ty9 = 2.1, P = 0.047)
(Fig. 4E), and higher Glu and glutamine (Glx) at trend level (group:
Fi0 = 3.0, P = 0.095, n° = 0.09; increased in week 2: tp5 = 2.1,
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Fig. 4. Weekly "H-MRS metabolites in dACC. (A) Coronal and (B) sagittal views of
dACC "H-MRS voxel position. Cr-normalized ketone body metabolites (C) acetone
and (D) AcAc were higher in the KD than the SA group. Amino acids (E) glutamate
(Glu) and (F) Glu and glutamine (GIx) levels were higher in KD than SA. Neuroin-
flammation markers (G) ml and (H) Cho levels were lower in KD than SA. Group
differences, *P < 0.05, and trends, #P < 0.09.

P =0.045; and at trend level in week 3: t,9 = 1.8, P = 0.09; Fig. 4F).
However, the KD group showed lower mI levels than the SA group
(group: Fyp9 = 4.3, P = 0.047, 1* = 0.13), which was significant in
week 1 (t30 = 2.3, P=0.028) and week 2 (30 = 2.3, P =0.031) but not
in week 3 (f,9 = 0.86, P = 0.4; Fig. 3G). Cho is also lower in KD than
SA (group effect: Fy 59 = 7.4, P = 0.011, n* = 0.20; week 1: £39 = 3.1,
P = 0.004; week 2: 50 = 1.9, P = 0.063; week 3: oo = 2.0, P = 0.056;
Fig. 4H).

Craving, mood ratings, and neuropsychological testing

There was a main effect of time in self-reports for the “Desire for
alcohol questionnaire” (DAQ) (25) at trend level (Fy 55 = 2.5,
P =0.092, 1% = 0.08), and DAQ craving reduced over time in KD at
trend level (F, 3, =3.2, P=0.056, nz =0.17) but notin SA (F,,6=0.5,
P = 0.64, n* = 0.03). The group x time interaction effect was not
significant (F,53 = 0.5, P = 0.6, = 0.02; fig. S4). There were no
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significant group or group x time effects for daily mood or hunger
ratings (fig. S5). Despite significant main effects of abstinence/
training on various cognitive tasks, there were no significant group
or group x time interaction effects (table S4).

Study blinding

There were no significant group effects on diet expectation (KD or
SA) on the surveys obtained after study completion (x> = 0.14,
P = 0.71) or on the subjective ratings for diet “pleasantness”
(t2s = 1.0, P = 0.32) or “improved health” (t,3 = 0.12, P = 0.90) (fig.
S6), indicating successful study blinding.

Preclinical studies

Preclinical studies were conducted to assess whether a KD would
have similar effects in a validated animal model of excessive drink-
ing associated with alcohol withdrawal in rats made dependent on
alcohol. Blood glucose and ketone levels were measured before and
during the diet intervention, and the consequences of the chow and
KD were assessed on alcohol self-administration during alcohol
vapor exposure after diet discontinuation (KD or chow). The rea-
son why we exposed the rats to alcohol vapor and measured alcohol
self-administration after diet discontinuation instead of during the
diet exposure was because animals on KD when exposed to alcohol
vapor had fivefold higher BALs than those in the chow diet (fig. S1).
Instead, exposing them to alcohol after diet discontinuation en-
sured equivalent BAL during vapor exposure.

Blood glucose and ketone levels

Adult, male, Wistar rats on a chow diet (n = 36) were trained to
press a lever for access to alcohol associated with a 0.5-s cue light
(0.1 ml of 10% (w/v) alcohol; right lever] or water (0.1 ml; left lever)
in 30-min operant sessions. We used a fixed-ratio one schedule of
reinforcement, in which each lever press was reinforced with liquid
delivery. Upon stable levels of alcohol versus water self-administration,
the rats were exposed to a KD (KD rats; n = 18) or chow diet (chow
rats; n = 18). The blood glucose and ketone levels were measured at
baseline (prediet), when all rats were maintained on their regular
chow diet, and after 1 and 2 months on the intervention diet (KD or
chow). The rats were not fasted for these measurements. A repeated-
measure analysis of variance (ANOVA) showed a significant diet x time
interaction for glucose levels (F, s = 43.09, P < 0.0001) and for ketone
levels (F,63 = 107.30, P < 0.0001). Post hoc comparisons indicated
that KD rats, compared to chow rats, had lower glucose levels
(P <0.0001; Fig. 5A) and higher ketone levels (P < 0.0001; Fig. 5B). KD
rats weighed significantly less than chow rats (fig. S7A).

Alcohol self-administration and BALs

After 2 months of KD (or chow), all rats were given free access to
chow for the remainder of the experiment. Half of the rats in each
group were exposed to alcohol vapor for 7 weeks to produce alcohol
dependence, and the other half were exposed to air without alcohol
to serve as nondependent controls. The alcohol concentration in
the air was progressively increased to target BALs of 175 to 225 mg/dl.
Figure 6A shows the timeline of the experiment. Figure 6B shows
BALs produced by alcohol vapor exposure over the course of the
self-administration experiment. Figure 6C shows the number of alcohol
reinforcers that the rats earned in 30-min operant self-administration
sessions that were conducted during acute withdrawal, twice a
week, for 7 weeks. The two-way repeated-measure ANOVA yielded
significant group (F33; = 4.54, P = 0.0092, nz = 0.30) and session
(F13,416 = 3.10, P = 0.0002, n2 = 0.09) effects but not a significant
session x group interaction (F3g 416 = 1.01, P = 0.46, n2 =0.08). The
post hoc comparisons on the overall group effect indicated that
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alcohol vapor-chow rats self-administered significantly more alcohol
than alcohol vapor-KD rats (P = 0.0452, n2 = 0.25) regardless of ses-
sion. No significant differences were found between air-chow and
air-KD rats. When we compared the average of the last four alcohol
self-administration sessions, when BALs during alcohol vapor ex-
posure approached our target (200 mg/dl), the one-way ANOVA
yielded a significant group effect (Fs3, = 5.71, P = 0.0030). Post hoc
comparisons indicated that alcohol vapor-chow self-administered
significantly more alcohol compared with all the other groups (P < 0.05)
during the last four self-administration sessions during withdrawal
(data are shown in the inset of Fig. 6C). Note that these differences
could not be explained by differential dependence induction in that
BALs during alcohol vapor exposure were the same in both groups, as
shown in Fig. 6B. There were no group differences in blood glucose
and ketone levels or in body weight during alcohol vapor exposure
when all of the rats were maintained on chow (fig. S7).

DISCUSSION

Here, we provide clinical and preclinical evidence for the potential
therapeutic benefit of a KD in reducing the severity of alcohol
withdrawal symptoms during early alcohol detoxification in treatment-
seeking inpatients with AUD and in reducing alcohol drinking
during acute withdrawal in a rat model of alcohol dependence. In
the clinical findings, there was a significant decrease in the need for
benzodiazepines to manage acute alcohol withdrawal, an overall
lowering of alcohol withdrawal scores (trend level), and reduced
alcohol craving and wanting ratings with exposure to alcohol cues.
Because benzodiazepines were prescribed when patients’ withdrawal
scores were high (i.e., CIWA-Ar scores of >8) and benzodiazepines
significantly reduce withdrawal symptoms, the lack of group effect
on CIWA-Ar scores very likely reflects the higher doses of benzodi-
azepines prescribed in the SA compared to the KD group. We also
show preliminary support of beneficial brain effects of KD in AUD
including reduced neuroinflammation, as shown by low mI and
Cho. Moreover, because the dACC is a key node of the executive
function network (30), we speculate that the increased reactivity of
the dACC to alcohol and food cues in the KD versus SA group may
be related to increased top-down control of craving. In the preclinical
model, we document that chow rats escalated alcohol self-administration
during acute withdrawal following chronic, intermittent alcohol
vapor exposure and withdrawal (dependent rats), whereas rats with
a history of KD did not and instead maintained alcohol intake at the
levels of nondependent, air-exposed rats.

50f13



SCIENCE ADVANCES | RESEARCH ARTICLE

Alcohol vapor (14 h ON/10 h OFF) vs. air

Week>1>2>3>4>5>6>7>8>9>10>11>12>13>14>15) 16 17

Chow Chow vs. KD Chow
Alcohol self-administration training Alcohol self-administration during withdrawal

B = C

RS

2200 £ 60

~ IS

[2]

© 150 8 45

@ &

5 100 ?_g 30

8 € 15

< 50 5

B 14 I -o Alcohol vapor—chow

Ke) 0- T T T T T 1 [0 s e e s e e e e e e e |:|-O-A|coholvapor—KD

m 2 3 45 6 7 12345678 91011121314 - Air-chow

Weeks of vapor Self-administration session [ -e- Air-KD

Fig. 6. Operant alcohol self-administration and BALs in rats with a history of KD or chow diet. (A) The rats were trained to lever press (fixed-ratio 1) for alcohol or
water in 30-min operant sessions. Next, the rats were exposed to a KD or chow diet for 8 weeks. All rats were then given free access to chow for the remainder of the
experiment. Half of the rats (alcohol vapor) were exposed to chronic (daily), intermittent alcohol vapor (14 hours of alcohol on followed by 10 hours off, alcohol
withdrawal) for 7 weeks to produce alcohol dependence; the other half (air) were exposed to air without alcohol to serve as nondependent controls. The black rectangular
box indicates when data shown in (B) and (C) were collected. (B) Rats with a history of KD or chow did not differ in BAL over the course of the alcohol vapor exposure.
(C) Alcohol vapor-exposed rats with a history of chow diet (alcohol vapor-chow) self-administered significantly more alcohol during twice weekly self-administration
sessions during withdrawal (6 to 8 hours after vapor turned OFF) than alcohol vapor-exposed rats with a history of KD (alcohol vapor-KD). *P < 0.05, alcohol vapor-chow
> alcohol vapor-KD, regardless of self-administration session. Alcohol self-administration did not differ between the groups of air-exposed rats with a history of chow or
KD (air-chow not different from air-KD). The inset bar figure shows the average of alcohol reinforcers that the rats earned in the last four self-administration sessions
that corresponded to weeks 6 and 7 of alcohol vapor exposure. #P < 0.05, alcohol vapor-chow self-administered significantly more alcohol compared with all of the

other groups.

We hypothesized that providing ketone bodies via KD during
detoxification would attenuate the emergence of withdrawal symp-
toms. We reasoned that the abrupt transition from the brain’s
consumption of ketone bodies, which occurs in AUD as an adapta-
tion to repeated alcohol intake, to the use of glucose as energy
source, which reemerges with detoxification, may contribute to the
alcohol withdrawal syndrome. Notably, BHB, which is a major
ketone body is thought to be a more efficient “fuel” source than
glucose. Therefore, inducing ketosis with a KD during detoxifica-
tion would bolster or halt such an abrupt transition (11), thereby
reducing withdrawal. Disorders of brain glucose metabolism are
associated with disrupted neuronal excitability, including epilepsy
(31), and are ameliorated by KD. Thus, it is possible that the reduc-
tion of withdrawal symptoms by KD reflects an attenuation of neu-
ronal excitability following alcohol discontinuation that at extremes
can result in seizures and death (32). The following mechanism(s)
have been proposed to be implicated in KD-induced reduction of
seizures, including (i) restoration of glutamatergic neurotransmis-
sion and enhancement of y-aminobutyric acid (GABA) synthesis,
(ii) circumvention of glycolysis and providing acetyl-coenzyme A
for the TCA cycle through fatty acid oxidation, (iii) activation of
adenosine triphosphate (ATP)-sensitive potassium channels, and (iv)
inhibition of voltage-dependent Ca" channels (33, 34). Glucose
metabolism, through the TCA cycle, is not only the main source of
energy to the brain but is also the main carbon source for synthesis
of glutamate and GABA (16, 34). In preclinical models, reduced
flux through the TCA results in reduced glutamate brain content
and elicits epileptiform discharges, which are ameliorated by ace-
tate administration (35). Thus, the increases in Glu and Glx that we
observed with the KD are consistent with it helping to restore TCA
flux and balancing excitatory and inhibitory neurotransmission.
A recent study in a mouse model of Alzheimer’s disease (triple
transgenic Alzheimer’s 3xTgAD, which shows reduced brain glu-
cose utilization) demonstrated that BHB ketone ester intervention,
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compared to a regular chow diet, elevated hippocampal glutamate
and o-glutarate (a precursor of glutamate), and glutamate and o-glu-
tarate levels intercorrelated positively in both groups. This may in-
dicate that metabolic ketosis furnishes mitochondria with TCA
cycle substrates (17). Furthermore, a 4-month KD elevated Glu
and glutamine in young adult rats (36), and although human pa-
tients with epilepsy did not show differences in posterior cingulate
cortical Glu measures compared to controls, elevated Glu concen-
trations predicted short-term freedom from seizures, hence indi-
cating clinical relevance of elevated Glu in epilepsy (37). In the
meantime, a recent study found that acetone and BHB acted as in-
hibitors of Glu at the excitatory NMDA (N-methyl-p-aspartate)
receptors (38). These studies highlight the diverse roles of gluta-
mate in extracellular versus intracellular processes, which "H-MRS
studies cannot differentiate and that have reported both elevated
(39) and reduced (40) brain Glu in AUD during withdrawal. KD is
efficacious in the treatment of epilepsy, and seizures can occur
during severe alcohol withdrawal. However, the use of benzodiaze-
pines for managing severe alcohol withdrawal also prevents sei-
zures (41), and thus, it is not unexpected that none of our patients
with AUD experienced seizures. It is therefore possible that the KD
reduced overall neuronal excitability, hence reducing the need of
benzodiazepine during acute withdrawal. However, future studies
are needed to investigate the effect of KD on alcohol-induced seizures
in rodent models that mimic human alcohol withdrawal-induced
seizures (41).

Another possible explanation of our results is that the KD ame-
liorated withdrawal symptoms by minimizing neuroinflammatory
changes associated with alcohol withdrawal (42). BHB was shown
to influence inflammatory processes through its inhibition of the
NLRP3 inflammasome (18). In our study, we observed that the pa-
tients on KD compared to SA showed lower levels of mI and total
Cho (phosphatidylcholine + glycerylphosphorylcholine), which are
markers of neuroinflammation (43). Specifically, mI is primarily
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localized in glial cells and is considered a marker of gliosis (43),
whereas elevated Cho has been detected in several inflammatory
brain disorders (44, 45). Thus, our findings could be interpreted to
reflect a reduction of neuroinflammation in patients with AUD
maintained on a KD compared to SA. Reduced mI with KD is
consistent with prior brain "H-MRS studies reporting higher mI in
AUD compared to healthy controls (46), predominantly during
early detoxification with recovery after protracted abstinence, pre-
sumably as neuroinflammation subsides. However, 'H-MRS find-
ings on Cho and alcohol exposures are less clear. Elevated levels of
brain Cho have been reported during periods of active drinking
(47), whereas lower levels have been reported during early abstinence
that recovered with protracted abstinence (48), although one study
did not show recovery (49). Elevated Cho during acute exposure and
decreased Cho during chronic exposure and early detoxification are
reminiscent of the pattern observed for the translocator protein,
which has also been used as a marker of neuroinflammation in AUD
(50, 51) and altered in alcohol-dependent rats (50, 52). Although Cho can
recover over time, further research is required to investigate its signifi-
cance in AUD and the effects of detoxification and KD on this metabolite.

Patients with AUD on KD also reported lower alcohol craving
and wanting ratings of alcohol cues compared to SA. These effects
could be a consequence of reduced withdrawal symptoms and/or
reflect a potentially beneficial effect of KD in disrupting condition-
ing to alcohol through its provision of acetate and other ketone
bodies that can serve as energy substrates and their subsequent ef-
fects on neurotransmission. Although most of the research studying
conditioned effects of alcohol link it to its reinforcing effects medi-
ated by its enhancement of GABAergic, opioid, and dopaminergic
systems, it is possible that its bioenergetic switch is also relevant to
its reinforcing effects, particularly given that energy-rich stimuli en-
gender strong conditioned responses (53, 54). In this respect, we
speculate that KD would satisfy the altered energy requirements as-
sociated with chronic alcohol consumption through its metabolism
of acetate and BHB.

The beneficial effects of KD on alcohol withdrawal symptoms
could also reflect the enhanced reactivity of the dACC that we ob-
served in patients with AUD on the KD when exposed to alcohol
and food cues. Activation of ACC is necessary to inhibit prepotent
responses to reinforcing stimuli in addiction (19, 20). However, in-
creased ACC responses to alcohol cues have also been associated
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- Week 2

with higher alcohol use and craving (22) and higher rates of relapse
(23); thus, more research is warranted into the contribution of spe-
cific subsections of the ACC in alcohol cue reactivity and its associ-
ations with clinical characteristics in AUD.

A limitation of our clinical study was the relatively small sample
size, which was constrained by the complexity of the study that re-
quired 3 weeks of hospitalization and compliance with the diet pro-
tocol. Nevertheless, the effect sizes of our findings were either large
(i.e., MRS metabolites and rat alcohol consumption), medium large
(i.e., effect on alcohol wanting ratings), or medium (i.e., effects on
benzodiazepines, alcohol withdrawal, and craving). Moreover, the
effects on benzodiazepines, MRS metabolites, and rat alcohol con-
sumption remained significant after testing for multiple compari-
sons. Note also that while 57% of SA subjects needed benzodiazepines
after diet initiation to manage withdrawal, only 26% of KD subjects
required these. The absolute risk reduction was thus 31%, and the
number needed to treat (NNT) was 3.2 (i.e., one in three AUD are
expected to benefit from KD compared to SA), which is comparable
to the NNT of antidepressant medications for reducing depression
scores by 50% in major depressive disorder and of lithium to pre-
vent relapse in bipolar disorder (55). Nonetheless, because of the
small sample size of our study and the failure to detect significant
correlations between bioenergetics/neuroinflammatory markers
and the scores for alcohol craving/wanting, we interpret our clinical
findings as preliminary. Although there were no group differences
in KD versus SA before diet initiation and no group differences in
study withdrawal rates (table S1), the sample may still be biased to
only those who could tolerate a liquid diet or a KD, which may have
led to an overestimation of treatment effects relative to the general
population. The limited sample size did not allow us to assess char-
acteristics that might have predicted better responses or to in-
vestigate whether there were sex differences. Although there were
7 females of 19 (37%) in the KD group and only 3 females of 14 (21%)
in the SA group, the group difference in sex distribution was not
significant. The limited sample size, as well as our standard "H-MRS
point-resolved spectroscopy (PRESS) sequence, might have re-
duced the sensitivity of '"H-MRS in detecting BHB. In addition, in
our study, the first MRI was performed 4.0 + 1.7 (SD) days after
admission (no group differences) at a time when the KD partici-
pants were already in mild ketosis (blood BHB = 1.6 + 1.5 mM).
Therefore, an absolute baseline is missing. Historical data on diet
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before entering the treatment regimen were not collected, thus we
do not know whether past diet history influenced the results of our
study. However, this is unlikely because the variables of interest did
not differ at baseline (i.e., benzodiazepine use, CIWA-Ar scores, or
alcohol craving) and showed no association with the body mass in-
dex (BMI). We are therefore confident that the effects were due to
the dietary intervention rather than past diet histories. Although we
had hypothesized that KD would be associated with improved cog-
nitive performance and mood compared to SA, we could not
corroborate this, which could reflect inadequate sensitivity for the
cognitive tests that were selected, limited statistical power, or lack of
effect. Our preclinical study showed effects of a history of KD on
alcohol self-administration, which was different from our human
study in that the rats were not in ketosis when outcome measures
were assessed. The reason for this design was that rats on a KD were
unable to tolerate alcohol drinking during alcohol vapor exposure,
likely due to the fact that they had much higher BAL (>5-fold) than
rodents on the chow diet (fig. S1). To our knowledge, the marked
increase in BAL has not been previously reported but could under-
lie web reports of alcohol intolerance when on a KD (e.g., www.
menshealth.com/nutrition/a20046779/keto-diet-side-effects-alcohol/).
Our preclinical finding that a history of KD decreased alcohol con-
sumption, however, merits further investigation for we do not have
clinical data on long-lasting effects of KD on alcohol abstinence.
Although preclinical studies have not been reported on long-lasting
effects of KD on brain glucose metabolism, there are reports of
long-lasting changes in brain structure and neurochemistry follow-
ing a KD, including elevated glutamate and glutamine (36). Thus,
future studies are needed to assess whether there are long-lasting
changes in brain glucose metabolism that persist after KD discon-
tinuation. Last, our preclinical study was performed in male rats
only, which is also a limitation.

Our study has strong clinical implications as it offers a potential
new treatment for AUD that is diet based. Although not all patients
with AUD were able to comply with the predominantly liquid diet
protocol (see table S1 for details), it is possible that the use of ketone
supplements or a less stringent diet (e.g., 3:1 rather than 4:1 ratio of
KD and/or 100% solid diet) might make it easier for patients to
comply. Translating this protocol into an outpatient clinic will
make it more accessible as a treatment option that does not require
hospitalization. However, more research is needed to determine
whether there is any risk of hepatoxicity with the KD in AUD. In
our study, we excluded patients with current or past liver disease,
and liver function, platelet count, and coagulation were monitored
weekly and showed no evidence that KD elevated hepatic or coagu-
lation risks in patients with AUD (fig. S8). Moreover, the promising
results obtained from the preclinical model of alcohol dependence
that showed the successful reduction in alcohol intake 6 to 7 weeks
after KD termination hint at the possibility that the KD might have
long-lasting beneficial effects, which merits further clinical corrob-
oration. In sum, this study documents (i) beneficial effects from a
KD in the management of acute alcohol withdrawal in AUD and (ii)
long-lasting protective effects from KD on alcohol self-administration
in alcohol-dependent rats.

MATERIALS AND METHODS
Clinical studies
See Fig. 7 for the overview of human study procedures.
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Fig. 8. Overview of rat study procedures. SA, alcohol self-administration session;
BAL, blood alcohol level.

Participants and screening

Within 2 days of admission at the National Institute on Alcohol
Abuse and Alcoholism inpatient unit, n = 53 inpatients were
randomized into the study while receiving treatment as usual.
Thirty-three patients completed 3 weeks of diet intervention (n = 19 KD,
n = 14 SA), and 20 patients withdrew. There were no significant
group demographic or clinical differences between those that com-
pleted the study and those that withdrew (3* = 0.82, P = 0.37; see
table S1 for details on study withdrawal). There were also no group
differences in demographics, clinical characteristics, or dietary ca-
loric intake on the diet intervention between diet groups (Table 1),
although BMI tended to be higher in SA than KD. However, explor-
atory analyses showed that BMI did not correlate with any variable
of interest (e.g., benzodiazepine use, withdrawal scores, alcohol
craving and wanting, and MRS metabolites).

All patients were medically screened to exclude ferromagnetic
implants, major medical problems, chronic use of psychoactive
medications, neurological problems, liver disease, kidney stones,
head trauma, or milk or soy allergy and current diagnosis of a
substance use disorder (other than AUD or nicotine) that was se-
vere or any other major psychiatric disorder that needed treatment
for longer than a month in the past year as assessed by the Struc-
tured Clinical Interview for the Diagnostic and Statistical Manual of
Mental Disorders (DSM-1V) or DSM-5 (56). Women were neither
pregnant nor breastfeeding. AUD participants were admitted for
detoxification and had at least 5 years of history of heavy drinking
(i.e., the Substance Abuse and Mental Health Services Administra-
tion (SAMHSA) criteria for heavy drinking: for men, five or more
drinks/day on at least five different days per month, and for women,
four or more drinks/day on at least five different days per month).
Alcohol had to be specified as the preferred drug. All participants
were free of psychoactive medications within 24 hours of study pro-
cedures (except benzodiazepines as needed for detoxification) and
had a negative urine drug screen on days of testing [except for
benzodiazepines or 11-Nor-9-carboxy-A’-tetrahydrocannabinol
(THC-COOH)]. If THC-COOH in urine was positive, then a sali-
va drug screen (Driger DrugTest 5000; Draeger Safety Diagnostics,
Liibeck, Germany) was used to rule out recent cannabis use on
study days (cutoff, 5 pg/liter). Liver function, platelet count, and
coagulation were monitored weekly, and patients were removed if
values were >3x the upper bound limit. Moreover, coagulation
and platelet counts were monitored weekly. Patients provided written
informed consent to participate in the study, which was approved
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by the Institutional Review Board at the National Institutes of
Health (Combined Neurosciences White Panel). Participants
were scanned between October 2017 and February 2020. The
study was registered at ClinicalTrials.gov (NCT03255031).

KD randomization

Patients were randomized to a meal plan of a KD or SA at the time
they signed the consent (within 2 days of admission) for 3 weeks.
KD was randomized within 0.95 + 0.23 SD days after admission and
SA within 0.78 + 0.42 SD days, which did not significantly differ
between groups (¢ = 1.3, P = 0.21). The randomization scheme was
preset at a 3:2 KD:SA ratio for every five consecutive enrollments to
account for an expected higher dropout for the KD group. The KD
and SA meals were eucaloric. The KD provided a classic 4:1 ratio of
grams of fat:grams of carbohydrate and protein (i.e., 80% fat, 15%
protein, and 5% carbohydrates). The SA corresponded to 50% calo-
ries from carbohydrates, 15% protein, and 35% fat. For each meal at
breakfast, lunch, and dinner, the diets consisted of a shake (either
KD or SA) that provided 75% of meal calories and a ketogenic solid
snack (e.g., scrambled egg, yogurt with nuts, salad, chicken salad,
and broth) that provided 25% of meal calories, which ensured dou-
ble blinding. Patients were allowed to drink water ad libitum and
were given the option to drink tea or coffee with or without stevia
and/or diet ginger ale with their meals. Meals were provided from
the Nutrition Department’s Metabolic Kitchen with all foods and
beverages weighed on a gram scale. Initial calorie provision was
determined using Mifflin St. Jeor equation with standard activity
factor with intention to maintain stable weight. Daily weight was
measured blindly to the participant’s diet, and if weight loss greater
than 1 kg was detected, then daily calorie provision was increased
until baseline weight was achieved.

Ketone testing and study compliance
To measure the effectiveness of KD in increasing ketone bodies,
ketones in urine (AcAc) were measured every morning before
breakfast (Ketostix, Bayer Vital GmbH, Leverkusen, Germany).
Blood measures of BHB were assessed on a weekly basis using a
finger prick (Precision Xtra). To ensure subject blinding, the read-
ing and recording of these measures were performed by an inde-
pendent research nurse and in the absence of the participant.
Urine and blood results were also used to assess diet compliance.
If, after the first 5 days of KD initiation, a participant showed three
negative urine tests for ketone bodies, then this participant was re-
moved from the study based on an assumption of dietary noncom-
pliance. In this case, the independent person who monitored daily
urine testing informed the study staff about the compliance breach.
In addition, if after the first 3 days of diet initiation (KD or SA) a
participant reported noncompliance for 4 days, the participant was
removed from the study (n = 3 KD; see table S1).

Alcohol withdrawal and benzodiazepine use

All patients were assessed with the CIWA-Ar (29) at admission and
then approximately every 2 hours until withdrawal ceased. If the
CIWA-Ar scores were >8 on admission, then patients were provid-
ed with benzodiazepines (oxazepam or diazepam) to treat with-
drawal symptoms. The CIWA-Ar assessments and benzodiazepine
prescriptions were performed by medical staff blind to the study
randomization. At admission, n = 16 KD patients received benzodi-
azepines (3 diazepam, 13 oxazepam, and 3 none) and n = 10 SA
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patients received oxazepam (0 diazepam and 4 none). To compare
cumulative doses, diazepam doses were multiplied by 2 for the rela-
tive dose of oxazepam, as per https://clincalc.com/Benzodiazepine.
We also report a 1:3 conversion as per https://globalrph.com/
medcalcs/benzodiazepine-converter-dosage-conversions. Neither
CIWA-Ar scores nor benzodiazepine dose in mg at admission dif-
fered between groups (Table 1).

Questionnaires, craving, mood ratings,

and neuropsychological testing

Participants completed the Wechsler Abbreviated Scale of Intelli-
gence, Second Edition (WASI-II) subtests Matrix Reasoning and
Vocabulary as a proxy for general intelligence (57), the Timeline
Followback (TLFB) to assess daily alcohol consumption in 90 days
before the study (58), the Lifetime Drinking History (LDH) to as-
sess lifetime alcohol consumption (59), the Alcohol Dependence
Scale (ADS) to assess severity of dependence (60), and the Fagerstrom
test was used as a measure of nicotine dependence. On days 2, 9,
16, and 23 after admission, participants completed the compre-
hensive psychopathological rating scale (61), which provides scores
for the Montgomery-Asberg Depression Rating Scale (MADRS)
(62) and the brief scale for anxiety (63). MADRS depression rat-
ings at baseline ranged from 2 to 31, indicating no (<7), mild (7 to
19), and moderate (30 to 34) depression. Scores did not significantly
differ between groups.

On a weekly basis, participants rated their alcohol craving on the
DAQ (64). Before and after breakfast (7:30 a.m.) and dinner (5 p.m.),
participants were asked to rate how alert, tired, hungry, friendly,
happy, sad, anxious, irritable, social, confused, bored, comfort-
able, energetic, craving sugar, and craving alcohol they felt, from 1 to 10
(not at all to extremely). Two DAQ craving measures were missing
in week 3, leaving 17 KD for the repeated-measure ANOVA. After
study participation and before transitioning into a regular diet,
patients filled out a questionnaire regarding their diet expectations
[i.e, “Which diet did you think you were on?” (KD/SA), “How pleasant
was the diet?” (0 to 10), “Do you think your diet improved your
health? (0 to 10)].

Participants performed a Cambridge neuropsychological test auto-
mated battery (CANTAB) in weeks 1 and 3 with the following tasks:
Emotion Recognition, Task Pattern Recognition Memory, Cambridge
Gambling Task, Reaction Time, Stockings of Cambridge, Spatial
Working Memory, Stop Signal Task, Intra-Extra Dimensional Set
Shift, Spatial Span, and Affective Go/No-Go. Details about the tasks
can be found in table S4.

MRI acquisition and preprocessing

Patients underwent MRI on a 3.0T Magnetom Prisma scanner
(Siemens Medical Solutions USA Inc., Malvern, PA) equipped with
a 32-channel head coil. T1-weighted three-dimensional magnetization-
prepared rapid gradient-echo MP-RAGE [repetition time/echo time
(TR/TE) = 2200/4.25 ms; flip angle (FA) = 9°, 1-mm isotropic reso-
lution] and T2-weighted multislice spin-echo (TR/TE = 8000/72 ms;
1.1-mm in-plane resolution; 94 slices, 1.7-mm slice thickness; ma-
trix = 192) pulse sequences were used to acquire high-resolution
anatomical brain images. One participant did not complete session
3 due to scheduling problems. For functional MRI, a 32-channel
head coil and a standard echo planar imaging sequence were used:
sequential interleaved acquisition, repetition time of 1.5 s, echo
time of 30 ms, flip angle o = 70°, 64 x 64 pixels in-plane resolution,
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36 slices, slice thickness of 4 mm, voxel dimensions of 3 mm by 3 mm
by 4 mm, and field of view of 192 mm x 192 mm. Stimuli were pre-
sented on a black background under dimmed room lighting using a
liquid-crystal display screen (BOLDscreen 32, Cambridge Research
Systems, UK).

fMRI cue reactivity

A total of 40 alcohol, 40 appetitive food, and 40 neutral images were
randomly presented in an event-related design using E-Prime soft-
ware [see (65) for details]. There were three runs showing 40 cues
that included all three categories of cues (alcohol, food, and neu-
tral). Cues were presented at 750 ms. Pictures were selected from
the International Affective Picture System and from in-house
picture libraries. To ensure that participants were paying attention,
they were instructed to press a button if they saw a bicycle. Total
task duration was 13 min and 30 s. After completion of the MRI
sessions, participants were asked to rate the cues for their subjective
valence [“How negative/positive do you find the picture?” from -3
to 3 (very negative to very positive)] and wanting [“How much do
you want to consume this right now?” from 0 to 6 (not at all to
extremely)], on a seven-point Likert scale.

The fMRI data analysis was performed with SPM8 (Wellcome De-
partment of Cognitive Neurology, London, UK). During preprocess-
ing, scans were slice-time corrected, spatially realigned, coregistered to
the T1 structural images, and normalized to the MNI template with a
final 2-mm isotropic resolution. Smoothing was performed with a
6-mm full width at half-maximum Gaussian kernel.

'H magnetic resonance spectroscopy

Localized proton 'H-MRS was performed in an ROI located in
the dACC (2 cm x 2 cm x 2 cm). A PRESS pulse sequence (TE/
TR =30/3000 s, 64 averages) was used to acquire water-suppressed
spectra. Spectral fitting of the 'H-MRS datasets was carried with the
LCModel program (66) to determine absolute and relative metabo-
lite concentrations for total Cr, total Cho (phosphocholine and
glycerophosphocholine), mI, Glu, and Glx, and we used a modi-
fied basis set for ketone bodies (67). The results from LCModel
spectral analysis were inspected for nonrandom residuals as well as
baseline fitting. Spectra with signal-to-noise ratio < 15 and line-
width > 0.1 ppm were excluded from further analyses. A Cramér-
Rao lower bound of 20% for each individual peak was used as a
quality criterion (66). On the basis of these criteria, one participant
per session was removed for all metabolites (i.e., week 1: n = 1 KD;
week 2: n = 1 SA; week 3: n = 1 SD). Means * SD signal-to-noise
ratios did not differ between groups.

Statistical analysis

For all ketone, behavioral, and '"H-MRS measures, we performed
mixed ANOV As with group (KD/SA) as between-group factor and
time as within-subjects factor using SPSS. We used the Greenhouse-
Geisser correction if the Mauchly’s test of sphericity was significant.
Effect sizes are reported in 1”. Post hoc ¢ tests were performed with
a significance threshold of a < 0.05, and ¢ values were corrected if
Levene’s test for equality of variance was P < 0.05. x” tests were used
for sample distributions.

For fMR], three fMRI regressors, food, alcohol, and neutral events,
were created and then convolved with the hemodynamic response
function with default temporal filtering of 128 s. Six realignment
parameters were included as regressors of no interest. The following
contrasts were calculated at the single-subject level: alcohol > neutral,
food > neutral. At the second level, a repeated measures factorial
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design was used for the contrast alcohol > neutral and food > neutral,
with group (KD/SA) as between-subject factors and time (weeks 1, 2,
and 3) as within-subject factors. We performed whole-brain analyses
and tested (i) the main effects of alcohol > neutral and food > neutral and
(ii) the interaction effects of group x time alcohol > neutral and food >
neutral. For whole-brain analyses, we used a combined threshold of
P < 0.005 uncorrected at the voxel level, with a family-wise error
(FWE)-corrected threshold of Pgwr, < 0.05 at the cluster level (minimum
cluster size k > 50). Coordinates are reported in MNI space. For the
dACCROYI, we used SVC using the coordinates of a previously described
dACCROI [0, 24, 26] (68) with a box of 2 cm by 2 cm by 2 cm repre-
sentative of the dACC '"H-MRS voxel. We performed exploratory
Pearson’s correlations among 'H-MRS metabolites, BOLD responses,
and behavioral measures, both in week 1 and for the differences
between weeks 3 and 1.

Preclinical studies
See Fig. 8 for the overview of rat study procedures.

Rats

Thirty-six male Wistar rats (Charles River Laboratories), weighing 470 g
on average, were group-housed three per cage with water and stan-
dard rodent chow (Teklad diet, Envigo, Madison, WI) available ad
libitum, except during operant testing and when noted. Rats were
kept in a temperature (22° + 2°C)- and humidity (50 to 60%)-
controlled environment on a reverse 12/12-hour light/dark cycle
(lights on at 6:00). All of the procedures were conducted according to
the National Institutes of Health Guide for the Care and Use of Labora-
tory Animals and were approved by the National Institute on Drug
Abuse, Intramural Research Program, Animal Care and Use Commiittee.

Alcohol self-administration

Rats were trained on an operant self-administration task that involved
a concurrent, two-lever choice that delivered 0.1 ml of 10% alcohol (w/v)
paired with a cue light or water (no cue light), as previously reported
(27). We used a fixed ratio one schedule of reinforcement, in which each
lever press was reinforced with alcohol or water. They were typically
tested twice a week in 30-min sessions. Once stable operant responding
was reached, the rats were split into two groups either to receive a high-
fat, low-carbohydrate KD or to remain on the control chow diet. During
the diet phase of the experiment, four baseline self-administration ses-
sions were performed during the last 2 weeks of diet exposure.

Diets

All of the rats were initially fed with standard laboratory chow ad libi-
tum. After the rats had been trained on the operant task described
above, they were split into two groups. One group remained on the
control chow diet (Teklad, Envigo, Madison, WTI), the other group re-
ceived a high-fat, low-carbohydrate KD (Bio-Serv, Flemington, NJ). The
caloric content of the chow diet was as follows: 30% of calories from
protein, 13% from fat, and 57% from carbohydrates. In the KD, 5% of
calories was from protein, 2% was from carbohydrates, and 93% was
from fat. Rats were fed their respective diets for 9 weeks, during which
time body weight was measured weekly and blood glucose and blood
ketone levels were measured after 4 and 8 weeks on the diets.

Alcohol vapor exposure
Alcohol vapor exposure was conducted as previously reported (27).
Following 9 weeks of chow or KD exposure, all rats were placed
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back on the chow diet and split in two groups. Half of the rats out of
each diet group were placed into alcohol vapor chambers to produce
alcohol dependence. The other half of rats were equally treated
throughout the experiment, but they were exposed to air without
alcohol. Thus, we had four groups of rats: alcohol vapor-chow
(n =9), alcohol vapor-KD (n = 9), air-chow (n = 9), and air-KD
(n=9). All groups were exposed to the alcohol/air vapor for
8 weeks. We were not able to test the effect of continuing the KD on
alcohol drinking during alcohol vapor exposure because the rats on
the KD were more sensitive to the sedative effects of alcohol (fig.
S1). This effect was unlikely due to differences in body weight be-
cause the KD rats that transitioned back to chow before alcohol
vapor exposure did not show signs of increased alcohol-induced
sedation. Moreover, BAL did not differ between chow and KD rats.

During alcohol vapor exposure, rats were housed in routine hus-
bandry plastic cages while being exposed to alcohol vapor in the air
supply. The cages had hardwood chip, chow diet, food, and water
ad libitum identical to rats exposed to air. The rats underwent daily
cycles of intoxication and withdrawal (14 hours on/10 hours off).
Over several days, the concentration of alcohol vapor in the cham-
bers was gradually increased. BALs were accurately adjusted by
changing the concentration of alcohol in the chambers. Blood was
collected as described below for weekly BAL measurements. Oper-
ant alcohol self-administration experiments were conducted twice a
week, 6 to 8 hours into acute withdrawal. After the alcohol self-
administration sessions, the rats were returned to the vapor chambers.
Air-exposed rats were not exposed to alcohol vapor but were con-
comitantly tested with alcohol vapor-exposed rats.

Blood collection

Rats were lightly restrained, and the tip of the tail was nicked to col-
lect a few drops of blood. Blood glucose and ketone levels were analyzed
using a glucometer (Tyson Bioresearch Inc., Zhunan, Taiwan) and BHB
ketone levels with the Precision Xtra Blood Ketone Monitoring System
(Abbott, Alameda, CA). Measurements were taken before diet expo-
sure, after 4 and 8 weeks of diet exposure, and weekly during alcohol
vapor or air exposure. BALs were analyzed using an Analox Alcohol
Analyzer instrument (Analox Technologies North America, Toronto,
Ontario, Canada) at the end of the 14 hours of alcohol vapor expo-
sure, when peak alcohol vapor levels are achieved.

Statistical analysis

Blood glucose, ketones, and alcohol levels were analyzed with a
repeated-measure two-way ANOVA with diet as the between-
subjects factor and time as the within-subjects factor. Alcohol
self-administration data were analyzed with a two-way ANOVA
with group (alcohol-chow, alcohol-KD, air-chow, and air-KD) as
the between-subject factor and session as the within-subjects factor.
The Tukey’s multiple comparisons test was used for post hoc com-
parisons. Statistical significance was set at P < 0.05. We calculated n’
to determine effect sizes.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/15/eabf6780/DC1
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