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A B S T R A C T

Background: Time-restricted eating (TRE) is a popular dietary strategy for supporting weight loss and immune 
metabolic health, but the underlying mechanisms are unclear.
Objective: This narrative mini-review explores the mechanistic associations between TRE, immunomodulation, 
and ketone body metabolism, focusing on the potential role of ketones in mediating anti-inflammatory responses. 
Our goals were to synthesize the contemporary literature in humans to identify knowledge gaps that may inform 
future research directions.
Key findings: TRE modestly reduced pro-inflammatory markers and increased circulating ketone concentrations, 
although the magnitude of these effects was variable and often confounded by the metabolic changes associated 
with weight loss. Studies isolating TRE from caloric restriction remain limited, and no studies directly assessed 
the relationship between TRE-induced ketogenesis and immune modulation.
Conclusions and future directions: Ketone bodies may play a key role in mediating the anti-inflammatory effects of 
TRE, offering a low-risk, non-pharmacological strategy to managing healthy weight and chronic inflammatory 
conditions. Future studies should prioritize controlled, isocaloric TRE interventions to better define the contri
butions of ketogenesis and immunomodulation to TRE's health benefits.

1. Introduction

Time restricted eating (TRE) is a popular dietary intervention for 
achieving weight loss and optimizing cardiometabolic health. TRE is a 
form of intermittent fasting (IF), an umbrella term that also includes two 
additional fasting paradigms: alternate day fasting, and the 5:2 diet 
(Fig. 1). Distinct from other IF regimens, TRE limits the eating window 
to ≤10 h and may be practiced every day. Notably, caloric restriction is 
not required for a dietary schedule to be considered TRE, although TRE 
may reduce both the time and quantity of food intake. Advantages of 
confining the daily eating window, without an emphasis on caloric re
striction, are feasibility and pragmatism with a high potential for 

generalizability to a wide audience [1]. TRE does not require specialized 
or expensive meal preparation, can be easily adopted by a variety of 
populations, including youths [2,3], and had high adherence rates in 
adults with obesity [4,5]. Although most TRE clinical trials range from 4 
to 12 weeks in duration, sustained weight management benefits of TRE 
have been observed across 12-months, supporting the practical trans
latability of this approach [1].

TRE may be further classified by timing of energy intake. Although 
there is no established definition for early (eTRE) vs. late TRE, eTRE 
typically aligns the eating window to the first half of the day during 
morning and afternoon daylight hours [6]. Early TRE is hypothesized to 
match the body's circadian rhythm with metabolic processes, enhancing 
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the homeostatic regulation of fasting and feeding cycles. The eTRE 
pattern aligns food intake with endogenous circadian rhythm in which 
hormones such as cortisol are physiologically elevated in the morning 
and reciprocal suppression occurs later in the day after which melatonin 
starts to rise. By syncing meal timing with the body's internal clock, TRE 
may optimize temporal coordination of anabolic and catabolic signaling 
across metabolic and immune systems [1]. This concept is central to 
chrononutrition, an emerging field examining how timing of food intake 
influences health, independent of dietary composition. Consuming large 
meals later in the day during the biological evening is associated with 
poorer cardiometabolic outcomes, whereas consuming food earlier in 
the day may better align nutrient intake with circadian regulation of 
metabolism [7]. A landmark study found that 5 weeks of 6:18 isocaloric 
eTRE (6 hour eating and 18 hour fasting, with eating window starting 
between 06:30 and 08:30) improved metabolic parameters such as in
sulin sensitivity, beta cell responsiveness, blood pressure, oxidative 
stress, and appetite, in the absence of weight loss in eight men with 
prediabetes [8]. However, health benefits were also associated with late 
TRE, when the eating window was restricted to afternoon and evening 
hours, suggesting that processes other than nutrient-circadian alignment 
may be important.

The prolonged fasting period, regardless of timing, is hypothesized to 
increase ketone body production and modulate TRE's immunometabolic 
health benefits [9,10]. However, whether immunometabolic health 
benefits are derived from prolonged fasting or caloric restriction or both 
remain unclear and is an active area of investigation.

This narrative review explored the mechanistic associations between 
TRE, immunomodulation, and ketone body metabolism. Specifically, we 
synthesized evidence for TRE-mediated immunomodulation and the 
relationship with ketone and energy metabolism to highlight knowledge 
gaps and propose future directions on the ketone and immune-related 
benefits of TRE.

2. Methodology

We conducted a structured search of PubMed, Web of Science, 
CINAHL, Embase, and Scopus using key terms (“time restricted eating,” 
“time restricted feeding,” “cytokine,” “inflammation,” “C-reactive pro
tein,” “ketone bodies,” “beta-hydroxybutyrate,” “acetoacetate,” “in
terleukins,” “neutrophil,” “leukocyte,” “neutrophil-leukocyte ratio,” and 
“TNF-alpha”). Of the 237 studies identified, 37 studies on TRE met 

inclusion criteria (English-language human studies investigating the 
effects of TRE on immune markers, inflammation, or ketones, Supple
mental Fig. 1). No age or data restrictions were employed. We conducted 
backward and forward citation tracking (snowballing) from key articles 
to identify additional relevant studies. The last search was completed on 
June 15th, 2026.

3. Literature synthesis and discussion

3.1. Time restricted eating and inflammatory markers

TRE may exert its anti-inflammatory effects by decreasing pro- 
inflammatory cytokines and augmenting immune function 
[1,5,8,10–20]. Prolonged fasting (>24 h) or habitual fasting (over 
weeks) [21,22] modulates the immune system primarily by upregulat
ing cell-mediated immune pathways [8,23,24] and downregulating 
stress resistance pathways at the intersection of metabolic and canonical 
immune signaling [25]. However, whether these immune benefits are 
related to improvements in glucose and lipid metabolism, or are inde
pendent of energy balance, remains unclear.

Of the 32 studies that examined inflammatory markers, 16 found 
significant changes in cytokine/adipokine concentrations (ten random
ized and six non-randomized sequential study designs), and 16 showed 
no change in systemic inflammatory markers (nine randomized and 
seven non-randomized). Fasting durations ranged between 14 and 18 h, 
and systemic changes were variable across proinflammatory markers, 
primarily in C-reactive protein (CRP), interleukin 6 (IL-6), tumor ne
crosis factor-alpha (TNF-α), and tissue specific adipokines (adiponectin 
and leptin). A detailed review of TRE-related changes in proin
flammatory markers in persons who were healthy or who had chronic 
metabolic disease is described below and presented in Table 1 and 
Supplemental Table 1.

3.1.1. Tumor necrosis factor alpha (TNF-α)
TNF-α, produced by T lymphocytes, is a key pro-inflammatory 

cytokine involved in the early phase of immune and inflammatory 
response [26]. The effects of TRE on TNF-α were evaluated in nine 
studies with mixed results. Three studies found reductions in TNF-α 
ranging from 9 to 25% in healthy persons during a self-selected 8:16 h 
TRE compared to usual diet, especially when accompanied by weight 
loss and exercise [1,10,27] (Table 1). One study in 82 healthy adults 

Fig. 1. Types of intermittent fasting. Overview of three common intermittent fasting regimens, alternate day fasting, 5:2 diet, and TRE, illustrating their circadian 
alignment, fasting-feeding schedules, and associated caloric restriction. In contrast to TRE, the alternate-day fasting strategy cycles between daily fasting and daily ad 
libitum eating while the 5:2 diet involves repeating patterns of fasting for one day followed by two days of ad libitum eating throughout the week. TRE can be 
conducted daily and typically has a fasting period between 14 and 20 h. Early TRE is typically aligned with the circadian rhythm, in which the first meal is consumed 
before 10 am, compared to late TRE, in which the first meal is consumer later around noon.
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Table 1 
Studies examining the effects of time restricted eating (TRE) on immunologic markers in clinical trials.

Study TRE eating 
window 
(hours)

Study 
duration 
(weeks)

Study population Study design Inflammatory markers (TNF-α, 
CRP, IL-6, leptin, adiponectin)

Study details

Moro et al. [10] 8 8 n = 34 Randomized controlled 
trial (RCT)

↓ TNF-α Habitual intake 
(100% of energy 
needs) 
↓ Fat mass (FM)

Sex: 100% male ↓ IL-6
Age: 29.21 ± 3.8 y ↑ Adiponectin
Population: resistance 
trained

↓ Leptin

Moro et al. [1] 8 52 n = 20 2-Arm-parallel RCT ↓ TNF-α Habitual intake 
(100% of energy 
needs) 
↓ Body weight (BW)

↓ IL-6
Sex: 100% male ↓ Leptin
Age: 29.21 ± 3.8 y ↑ Adiponectin
Population: resistance 
trained

Waldman et al. [27] 8 4 n = 12 Non RCT, pre-post trial ↓ TNF-α Ad libitum, self- 
selected window  
↓ BW

Sex: 100% male ↔ CRP
Age: 51.9 ± 8.6 y
Population: healthy cyclists

Lao et al. [13] 8 12 n = 28, Prospective, non-RCT ↓ TNF-α Ad libitum, low 
protein  
↓ BW

Sex: 51.9% male ↑ IL-6
Age: 52.2 ± 9.6 y
Population: ↔ CRP
overweight/obese, stage 
3–4 chronic kidney disease

Xie et al. [28] 8 5 n = 82 RCT ↓ TNF-α (eTRE) Ad libitum
Sex: 78% female ↔ TNF-α (mTRE) ↓ Energy intake
Age: 31 ± 9.9 y ↓ BW↔ CRP
Population: healthy

Kord-Varkaneh et al. 
[15]

8 12 n = 45, RCT ↓ CRP Low sugar, isocaloric 
↓ BWSex: 54.5% male

Age: 42.8 ± 7.9 y
Population: obese with 
NAFLD

McAllister et al. [17] 8 4 n = 22, RCT ↓ ad libitum and isocaloric CRP Ad libitum: ↓ FM
Sex: 100% male
Age: 22 ± 2.5 y ↑ ad libitum and isocaloric 

Adiponectin
Isocaloric: ↓ FM

Population: healthy
Suthutvoravut et al. 

[18]
9 8 n = 71, RCT ↓ CRP Ad libitum

Sex: 30.6% male ↓ BW
Age: 54.6 ± 8.1
Population: impaired 
fasting glucose

McAllister et al. [31] 10 6 n = 15, Quasi-experimental 
single-group design

↑ IL-6 Ad libitum
Sex: 100% male ↓ Adiponectin Weight change not 

reportedAge: 37 ± 6 y ↔ TNF-α
Population: healthy 
firefighters

McAllister et al. [16] 10 8 n = 13 Repeated measures 
(pre-post intervention)

↑ CRP Ad libitum
Sex: 100% male ↓ IL-6 Weight change not 

reportedAge: 36.5 ± 6.9 y
Population: healthy 
firefighters

Li et al. [39] 8 5 n = 15 Pre-post non-RCT ↓ CRP Ad libitum 
↓ BWSex: 100% female

Age Range: 18–31 y
Population: with PCOS

Daiani Evangelista 
Ribeiro et al. [12]

8 8 n = 24, Non-RCT ↓ Leptin 20% Caloric 
restrictionSex: 83.3% female

Age: 32.2 ± 6.4 y
Population: physically 
active with obesity

↓BW

Stratton et al. [14] 8 4 n = 26, RCT ↓ Leptin 25% Caloric 
restrictionSex: 100% male ↓ Adiponectin

Age: 22.9 ± 3.6 y ↓ BW
Population: active healthy

Zhang et al. [5] 6 8 n = 60 RCT (3-arm-parallel) ↓ eTRE leptin Ad libitum
Sex: eTRE: 57.1% male ↓ lTRE leptin eTRE: ↓ BW

↔ eTRE and lTRE adiponectin lTRE: ↓ BWlTRE: 55% male
Age: eTRE: 23.8 ± 0.6 y, 
lTRE: 23.2 ± 0.5 y
Population: overweight +
obese adults

Peters et al. [30] 8 10 n = 31, Randomized crossover 
trial

↓ Leptin Habitual intake 
(intended isocaloric)2 eTRE Sex: 100% female ↓ Adiponectin

2 lTRE Age: 62 (53–65) y ↔ TNF-α
(continued on next page)
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found a decrease in TNF- α after five weeks of 8-hour early TRE (Δ =
− 0.81 ± 1.98, mean ± standard deviation pg/ml), but no change after a 
TRE window later in the day (mTRE; Δ = − 0.06 ± 0.95 pg/ml) [28]. 
TRE also reduced TNF-α in patients with chronic kidney disease by 21% 
(Δ = − 2.7 ± 3.5 pg/ml, p = 0.017) during an 8:16 hour TRE interven
tion for 12 weeks [13]. However, not all studies demonstrated signifi
cant TRE-related reductions in TNF-α [5,6,29–31] (Supplemental 
Table 1) and the reasons for the inconsistent findings across studies 
remain to be elucidated.

3.1.2. C-reactive protein (CRP)
CRP is an acute-phase protein and systemic inflammatory marker 

produced in response to the release of the proinflammatory cytokine IL- 
6 [32]. Changes in CRP concentrations with TRE were inconsistent 
across studies and study populations [8,13,16,27,30,33–38] (Supple
mental Table 1). Four randomized controlled trials and one non- 
randomized study reported significant reductions in CRP following 
TRE interventions with 8–10 hour eating windows [15,17,18,39] and 
did not change in 17 studies (Table 1, Supplemental Table 1). In 
contrast, salivary CRP increased after eight weeks of TRE in healthy 
firefighters; however, these findings should be interpreted cautiously, as 
salivary CRP is influenced by oral inflammation (e.g., cavities, tobacco 
use, gingivitis), which was not adequately controlled in this study [16]. 
Changes in CRP were also variable across groups with chronic metabolic 
disease. Among patients with non-alcoholic fatty liver disease under
going isocaloric TRE, significant CRP reductions (3.1 ± 1.1 to 2.0 ± 0.9 
mg/L, p < 0.001) were observed [15]. Similarly, in patients with 
impaired fasting glucose and polycystic ovarian syndrome, TRE reduced 
CRP by 20–40% [18,39] (Table 1). However, no changes in CRP were 
observed in participants with insulin resistance after eight weeks of TRE 
[6], or after 12 weeks of 10-hour TRE in adults with metabolic syndrome 
[33] (Supplemental Table 1).

3.1.3. Interleukin-6 (IL-6)
IL-6 is a pleiotropic pro-inflammatory cytokine involved in regu

lating immune and inflammatory responses [40]. Changes in IL-6 
following TRE were inconsistent, with some studies reporting signifi
cant decreases [1,10,16], and others reporting conflicting results 
[6,8,13,30,31,38,41,42]. In healthy populations, reductions in IL-6 were 
observed following eight weeks of TRE in 34 resistance-trained males 
(1.3 ± 0.23 to 1.1 ± 0.22 pg/ml, p = 0.004) [10], 12 months of TRE in 
twenty healthy males (1.4 ± 0.23 to 1.01 ± 0.28 ng/L, p < 0.001) [1], 
and after an 8-week TRE intervention in thirteen healthy males [16]
(Table 1). However, IL-6 increased after a 6-week intervention (10.8 ±
16 to 11.5 ± 17.5 pg/ml, p = 0.04) in healthy males [31], but no 
changes observed in healthy women with overweight or obesity [30,41]. 
We only found one study in persons with chronic renal failure in which 
IL-6 increased after a 12-week TRE invention (Δ = 0.7 (0.4,1.4), mean 
change (range) pg/ml, p = 0.028) [13] (Table 1).

3.1.4. Adipokines
Evidence from adipose-derived hormones, including leptin and adi

ponectin, supported weight-dependent mechanisms for TRE-mediated 
immune changes. Leptin, a pro-inflammatory adipokine produced by 
white adipose tissue, stimulates the secretion of TNF- α and IL-6, 
whereas adiponectin is anti-inflammatory, increases insulin sensitivity, 
and inhibits the TNF- α production [43]. Eight studies found that TRE 
significantly increased adiponectin and/or decreased leptin 
[1,5,10,12,14,17,30,44] (Table 1) and three studies found no change 
(Supplemental Table 1). Of the studies that found a change, four studies 
were in healthy populations [1,10,14,17], three studies in participants 
with overweight and/or obesity [5,12,30], and one study in patients 
with multiple sclerosis [44]. Weight loss was consistently observed 
across the trials and leptin reduction was strongly related to caloric 
restriction and fat loss irrespective of the TRE intervention [12].

3.1.5. Limitations of studies examining inflammatory markers in TRE
Overall, the current evidence suggests that TRE has potential as a 

dietary strategy for modulating immune function and weight, but larger, 
well-controlled studies are needed to clarify the underlying changes in 
adipokines and cytokines, independent of weight loss. Our literature 
review found several heterogeneous studies, ranging in duration and 
timing of the fasting period, length of the TRE intervention, study 
population, exercise patterns, and whether the trial also included caloric 
restriction. Notably, consistent reductions in pro-inflammatory cyto
kines and adipokines occurred in studies that combined TRE with calorie 
restriction. Among studies that demonstrated significant reductions in at 
least one marker of systemic inflammation, there was inconsistency in 
which marker changed, and the magnitude of the effect. Inconsistencies 
across studies may be related to multiple factors, including differences in 
study design (primary vs exploratory outcomes), study populations 
(healthy vs. chronic disease or men vs. women), and baseline metabolic 
status, which may influence responsiveness to TRE-induced changes in 
inflammatory markers. Methodological differences may have also 
contributed to variability in findings. TNF-α and IL-6 were measured 
using a variety of immunoassay platforms with differing sensitivities, 
and assay sensitivity was not consistently reported. In contrast, CRP, 
leptin, and adiponectin are generally well-standardized biomarkers 
measured at concentrations that are readily detectable by validated as
says, making methodological differences a less likely explanation for 
inconsistent results. Although evidence for the effects of TRE on in
flammatory markers remains heterogenous, ketone bodies have 
emerged as a potential mechanism between fasting and immunometa
bolic health, therefore, the extent to which TRE promotes ketone body 
production was examined.

3.2. Time restricted eating and ketone body production

Fasting-induced ketogenesis is considered a central component of 
TRE regimens, with ketone bodies hypothesized to mediate immuno- 
metabolic health [24]. By extending the daily fasting window and 

Table 1 (continued )

Study TRE eating 
window 
(hours) 

Study 
duration 
(weeks) 

Study population Study design Inflammatory markers (TNF-α, 
CRP, IL-6, leptin, adiponectin) 

Study details

↔ CRP eTRE: ↓ BW
↔ IL-6 lTRE: ↓ BWPopulation: with 

overweight + obesity
Bahr et al. [44] 10 (6 days/ 

week)
18 n = 35 RCT ↑ Adiponectin Ad libitum, mainly 

vegetarianSex: 80% female ↔ Leptin
Age: 41 ± 9 y ↓ BW
Population: Adults with 
Multiple Sclerosis

Had additional 7 day 
fast every 6 months

7 day fast every 
6 months

Summary of human studies examining the effects of TRE on inflammatory markers.
BW, body weight; CRP, C-reactive protein; FM, fat mass; IL-6, interleukin-6; RCT, randomized controlled trial; TNF-α, tumor necrosis factor alpha.
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thereby decreasing glucose availability, TRE theoretically should in
crease the availability of ketone bodies (BHB, acetoacetate [AcAc], and 
acetone) [45]. During these periods of reduced glucose availability, 
increased circulating fatty acids transported to hepatocyte mitochondria 
via carnitine palmitoyl transferase 1 generate excess acetyl-CoA via 
beta-oxidation, prompting beta-hydroxybutyrate formation, catalyzed 
by the fate determining enzyme 3-hydroxy-3-methylglutaryl-CoA syn
thase 2 [45]. Under fasting conditions, ketone bodies are a critical 
alternate energy source for extra-hepatic tissues (e.g. the brain), but 
emerging data also suggests ketones may be important regulators of 
hepatic lipid synthesis, including elongation of polyunsaturated fatty 
acids, and intracellular signaling of inflammatory responses [45,46]. 
Therefore, we sought to describe evidence of a relationship between TRE 
and ketone body production.

Upregulation of ketogenesis has been observed after only a 12-hour 
fasting duration [47,48], which should be sufficient for observing an 
effect during the TRE dietary pattern. However, data on ketone body 
production following TRE are limited, with only two of four studies 
reporting measurable increases in circulating ketones [11,19,20,49]. 
One study found that a 9:15 hour TRE intervention increased BHB levels 
comparable to a carbohydrate restricted diet designed to increase 
ketosis (Fasting Mimicking Diet bars), suggesting that TRE alone may 
elevate ketones [19] (Table 2). However, neither group achieved BHB 
concentrations consistent with nutritional ketosis; defined as BHB con
centrations between 0.5 and 3.0 mmol/L [19,50].

TRE-induced ketogenesis may also need to be contextualized by 
timing of the dietary pattern. In a 4-day randomized crossover trial, 
early TRE (8 am–2 pm eating window) increased fasting BHB concen
trations up to 0.15 ± 0.6 mM, with no change in evening BHB concen
trations [20] (Table 2). These findings indicate that short-term daily TRE 
may modestly increase circulating ketones, but to a lesser extent than 
ketogenic diets or prolonged fasting. Conversely, TRE did not induce 
ketosis in healthy women after 8 weeks of an 8-hour TRE in a ran
domized controlled trial in which participants could self-select their 
eating window [11]. Similarly, BHB concentrations were transiently 
upregulated after one week but returned to basal concentrations within 
one month of late TRE in adults with obesity [49]. These contradictory 
findings highlight the need for further research to confirm if early vs late 
TRE interventions influence ketone production and whether nutritional 

ketosis can be achieved to the same degree in men and women.
Alternative forms of intermittent fasting, in which fasting periods are 

prolonged, provide more robust data on fasting-induced ketogenesis. 
Increased serum BHB concentrations accompanied 4 days of consecutive 
fasting [51], and occurred after alternate day fasting in healthy adults 
[52,53] (Supplemental Table 2). Increases in ketone bodies occurred 
after relatively short-term interventions, for example 5–7 days [53,54]
(Supplemental Table 2). In a one-year observational study, 1422 sub
jects were grouped into fasting lengths of 5, 10, 15, and 20 days 
(~200–250 kcal/day intake), and an increase in ketones (AcAc) was 
found in all groups from baseline to end of fast, which suggests a plateau 
in ketone body production at 5 days fasting, or potentially earlier [54]. 
The exact threshold for duration of fasting is unclear but ketosis (≥0.5 
mmol/L) was demonstrable after 17 h when combined with exercise or 
after approximately 21 h of continuous fasting [55]. An alternate day 
fasting study that compared caloric restriction alone, IF alone, and 
caloric restriction with IF found that during the fed to fasted 24 h 
transition period, BHB levels increased in both IF groups, with the 
highest increase in the IF plus caloric restriction group [56] (Supple
mental Table 2). Studies observing changes during religious fasts also 
provide supporting data. During the month of Ramadan, daily consec
utive fasting from sunrise to sunset increased acetone concentrations 
[57] (Supplemental Table 2). Furthermore, IF during Ramadan has been 
shown to be associated with reduced inflammatory disease activity in 
rheumatoid and psoriatic arthritis and systemic lupus erythematosus 
[58–60]. Collectively, these findings indicate that various forms of IF, 
across diverse durations and patterns, may increase ketone body pro
duction, and could contribute to the metabolic and anti-inflammatory 
effects observed in both clinical and observational studies. If ketones 
could be significantly increased in IF, additional studies are needed to 
define the fasting period needed for TRE.

3.3. Fasting, ketone metabolism, and immunomodulation

Connecting TRE-induced ketogenesis with its immunometabolic ef
fects was challenging, as no studies directly examined this question. The 
underlying mechanisms by a TRE regimen modulate innate and adaptive 
immune responses remain debatable. Most evidence is derived from 
studies conducted after prolonged fasting (≥24 h) or in ketogenic diets 

Table 2 
Studies examining the effects of TRE on ketone bodies in humans.

Study TRE eating window Study duration Study population Study design Magnitude of change Study details

Huang et al. 
[19]

15 hour overnight fast + 4 
hour post consumption

Single day 
intervention

n = 105: RCT Fast + FMD bar FMD Bar or Breakfast bar (435 
kcals)Sex: 31.5% male ↑ blood BHB levels 

(~0.37 mM) Weight change not reportedAge: 46.1 ± 11.6 y
Population: healthy

Jamshed et al. 
[20]

6 4 days n = 11 Randomized crossover 
(3.5–5-week washout)

↑ Morning BHB to 
0.15 ± 0.6 mM

Isocaloric (50% carbohydrate, 
35% fat, 15% protein)Sex: 63.6% male

Age: 32 ± 7 y Weight change not reported
Population: with 
overweight

Fagundes 
et al. [11]

8 8 weeks n = 20 RCT ↔ Ketone bodies Caloric restriction
Sex: 100% female ↓ BW
Age: 36.2 ± 10.4 y
Population: with 
overweight

Kim et al. 
[49]

8 4 weeks n = 15 RCT ↔ Ketone bodies ↓ BW
Sex: 60% male
Age: 36.8 ± 8.4 y
Population:
Adults with obesity

Martens et al. 
[38]

<8 6 weeks n = 22 RCT crossover ↔ acetoacetate Self-selected 8-hour window
Sex: 54% female ↔ BW↔ BHB
Age: 67 ± 1 y
Population: healthy 
older adults

Summary of human studies examining the effects of TRE on ketone body production.
BHB, beta-hydroxybutyrate; BW, body weight; FMD, fasting mimicking diet; RCT, Randomized control trial.
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in humans or animal models [24,61]. As BHB is the predominant sub
strate, most studies have examined the effects of BHB as signaling 
molecules to reduce oxidative stress which in turn may suppress 
inflammation [25,62,63]. BHB may homeostatically regulate innate and 
adaptive immunity by two pathways that are not necessarily mutually 
exclusive: metabolic and non-metabolic (Fig. 2). The metabolic pathway 
is characterized by beta-hydroxybutyrate upregulation of the tri- 
carboxylic acid cycle (TCA cycle), leading to increased oxidative phos
phorylation. This metabolic shift enhances CD8+ T cell effector meta
bolism and remodels CD4+ T cell polarity and homeostasis, supporting 
adaptive immune responses, pathogen clearance and immune protection 
[61,64]. In the context of a severe viral infection (e.g. COVID-19 
infection), BHB was an alternative carbon source to fuel oxidative 
phosphorylation, thereby promoting CD4 + T cell survival and 
interferon-gamma production [65].

Although much of the mechanistic evidence has focused on T cells, 
fasting-induced immunometabolism changes may also involve innate 
immune cells, particularly monocytes and macrophages [66,67]. We 
found no human studies investigating TRE effects on innate immune cell 
populations, but mechanisms can be inferred from studies from other 
intermittent fasting protocols. Ketone body stimulation of non- 
metabolic pathways within innate immune cells may predominate 
either through transcription of antioxidant proteins, via direct G-protein 
coupled receptor anti-inflammatory effects, or by modulating post- 
translational modification an [24,68] (Fig. 2). At high concentrations 
typically achieved through prolonged fasting (around or above 1 mM), 
BHB activates the G-protein-coupled-receptor 109 A (GPR109A, or 
HCAR2), associated with wide ranging anti-inflammatory effects, 
including up-regulation of antioxidant genes [24,69]. Simultaneously, 

BHB may promote post-translation modification (e.g. via citrate syn
thase) and also inhibit the node-like receptor protein 3 (NLRP3) 
inflammasome, further down-regulating proinflammatory cytokines 
[70,71] (Fig. 2). In human monocytes and mouse models in vivo, Youm 
et al. found that fasting-induced BHB suppresses NLRP3 inflammasome 
activation independently of binding to GPR109A receptors or mito
chondrial oxidation [72]. Furthermore, BHB inhibited histone deacety
lases (HDACs) [73], key enzymes involved in the epigenetic regulation 
of gene transcription, providing evidence that ketone bodies can directly 
modulate gene expression. Additionally, BHB may mediate post- 
translational modifications of proteins [73], potentially expanding its 
role as a signaling metabolite beyond energy metabolism.

During 24-hour fast in healthy individuals, blunting of inflammatory 
markers was associated with immune activation in monocytes/macro
phages and CD4+ T cells in both healthy individuals and persons with 
mild immune inflammatory disease [66,67]. Using RNAseq and flow 
cytometric analysis to perform unbiased screening of the regulatory 
effects of fasting in peripheral blood mononuclear cells, our lab has 
demonstrated that the most profound effect of 24-hour fasting was to 
reduce signatures of CD4+Th1 and Th17 polarization and blunt cognate 
cytokine responsiveness following T cell receptor activation [74]. These 
findings suggest reprogramming of the peripheral blood mononuclear 
cells and differential gene expression changes were more pronounced in 
a 24 h fast vs re-fed state compared to the 12 h fast vs re-fed state. 
However, ketone bodies were out of scope for that analysis and an 
ongoing clinical trial will aim to characterize immunomodulatory 
changes after TRE in men and women after a 3-day, 18-hour eucaloric 
TRE compared to 12-hour conventional fast and data analysis is ongoing 
[75,76].

Collectively, these human data are limited but suggest that BHB may 
be a crucial inflammatory signaling molecule in modulating anti- 
inflammatory responses. Inferences from murine experiments are also 
limited because few measure both ketone bodies and inflammation after 
TRE. One study investigating TRE, inflammation, and ketone body 
production in mice with cisplatin-induced acute kidney injury found 
that TRE significantly lowered the expression of pro-inflammatory cy
tokines (TNF-alpha, IL-6). Control and TRE mice exhibited similar body 
weights and food consumption, suggesting that these benefits were 
attributed to TRE-induced ketosis, quantified by elevated levels of BHB, 
rather than caloric restriction [77]. TRE-induced shifts in ketone 
metabolism could contribute to its anti-inflammatory effects, but the 
fasting duration needed to change ketone production enough to mediate 
inflammation markers has not been clearly defined in humans.

3.4. Time restricted eating and calorie restriction

Caloric reduction and resulting weight loss were major confounders 
when assessing the effects of TRE on ketosis and immunomodulation, as 
ketosis was amplified under restricted substrate availability. Intermit
tent fasting studies, including TRE, often involve intentional or unin
tentional caloric restriction, complicating efforts to distinguish 
isocaloric TRE-specific metabolic effects from those associated with 
reduced energy intake. TRE interventions that resulted in ~3–4 kg 
weight loss were associated with an improved metabolic profile; TRE 
reduced waist circumference in women with obesity [78], blood pres
sure, atherogenic lipid levels in healthy male cyclists and patients with 
metabolic syndrome [27,33], and fasting glucose in varying populations 
[1,3,5,6,9–13,27,28,39,41,78]. Weight loss alone reduces adipose tissue 
inflammation with metabolic and immune-related benefits [79]. It re
mains unclear whether TRE elicits similar immunomodulatory effects 
independent of weight loss. Distinguishing weight dependent from 
weight independent mechanisms was also difficult as most TRE studies 
were short-term (4–12 weeks) and allowed ad libitum energy intake and 
physical activity (Table 1). In one study, although body weight 
decreased in both the TRE and usual care groups, CRP concentrations 
declined significantly in only the TRE group [18]. Decreased circulating 

Fig. 2. Proposed effect of TRE on key immune markers through beta- 
hydroxybutyrate (BHB) production. TRE-induced fasting may increase beta- 
hydroxybutyrate and regulate innate and adaptive immunity via metabolic 
and non-metabolic pathways. 
(A) Metabolic pathway: BHB metabolism increases acetyl-CoA upregulating the 
tri-carboxylic acid cycle (TCA cycle), and oxidative phosphorylation. This 
metabolic shift enhances CD8+ T cell effector metabolism and remodels CD4+
T cell polarity and homeostasis, supporting adaptive immune responses, path
ogen clearance and immune protection that augments T-cell CD4+ and CD8+
function. 
(B) Non-metabolic pathways: BHB directly or indirectly inhibits NLRP3 
inflammasome activation within innate immune cells, thereby blocking the 
production of pro-inflammatory cytokines (including interleulin-6 (IL-6), tumor 
necrosis factor (TNF) and C-reactive protein (CRP)0. Via the process of lysine 
beta-hydroxybutyrylation (Kbhb), which has been shown to activate citrate 
synthase, BHB modulates post-translational modification (PTM) thereby 
decreasing NLRP3 inflammasome assembly. Other non-metabolic pathways 
include: activation of the G-protein-coupled receptor 109A (GPR109A) and 
inhibition of class 1 histone deacetylases (HDAC1) activating antioxidant genes 
and alleviating oxidative stress.
Image created with Biorender.com.
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concentrations of inflammatory cytokines after TRE with weight loss, 
could be linked to reductions in visceral adiposity (directly associated 
with lower IL-6 and TNF- α concentrations) [80]. Similarly, reductions 
in adipokines such as leptin, an appetite and energy-sensing hormone, 
suggest that the TRE intervention promoted fat loss and altered energy 
balance, and may not have a primary immunomodulatory effect [12]. 
One clinical trial demonstrated a TRE-mediated reduction in CRP and 
increased adiponectin during an isocaloric diet; however, participants 
still lost weight, further confounding interpretation [17].

4. Research gaps and future directions

The lack of human studies exploring the relationship between TRE, 
immune markers, and ketone production represents a substantial 
research gap. While preclinical studies have provided mechanistic evi
dence that fasting and ketone bodies can modulate inflammatory 
signaling pathways, including the suppression of NLRP3 inflammasome 
activity and reductions in pro-inflammatory cytokine signaling, the 
relevance of these findings to TRE-induced ketosis in humans remains 
unclear. Addressing this gap would expand understanding of TRE as a 
dietary intervention and its role in managing chronic diseases and 
improving health outcomes. Notably, clinical mechanistic studies to 
explore the effects of TRE on ketone production or immune function are 
underway (NCT04728165, NCT06169137) [75,76]. While prior studies 
have focused on weight loss and cardiometabolic outcomes, further 
work is also needed to determine if TRE (early vs. late) influences ketone 
body metabolism and inflammatory pathways.

Exploring this relationship could provide valuable strategies for 
reducing inflammation, a critical factor in overall health outcomes and 
chronic disease. Yet, designing mechanistic TRE studies poses chal
lenges. Short study duration is often required to maintain strict control 
over dietary intake and body weight in a controlled environment, 
whereas longer free-living studies sacrifice precise control of intake and 
energy balance, making it difficult to disentangle the effects of TRE from 
those of body weight changes. Difficulties in accurately measuring di
etary intake, and the complexities of measuring immune function bio
markers are considerations when implementing TRE. Moreover, 
circulating ketone concentrations, commonly used as markers of keto
genesis, do not differentiate between ketone production and utilization 
(i.e. flux). Consequently, individuals with similar circulating ketone 
concentrations may exhibit substantially different rates of ketone pro
duction, uptake, and oxidation, thereby potentially masking inter- 
individual variability observed in fasting-induced ketosis [81]. Stable 
isotope tracer methodology offers a solution but are constrained by cost 
and technical demands.

Additionally, while a structured literature search across multiple 
databases was conducted to improve transparency and minimize selec
tion bias, this mini-review collated studies to detail knowledge gaps. A 
quantitative meta-analysis or systematic review was not performed 
because of limited data on the primary questions (the relationship of 
TRE with ketone bodies and immunomodulation) and because there was 
substantial heterogeneity across studies in participant populations, TRE 
protocols, study duration, and inflammatory outcome measures.

5. Conclusion

TRE is a dietary approach associated with metabolic and immune 
benefits, especially when combined with weight loss and calorie re
striction. TRE-induced changes in immune markers and ketone bodies 
were variable, and additional research is needed to define long-term 
immunomodulatory benefits across the lifespan and clarify the under
lying mechanisms. TRE-induced increases in ketone bodies, specifically 
beta-hydroxybutyrate, may modulate immune function through meta
bolic and non-metabolic signaling pathways, but additional evidence is 
needed to confirm effect sizes and ketone-mediated mechanisms. 
Although current evidence remains limited, understanding whether 

TRE-induced ketone bodies influence immune function may help inform 
future strategies for managing autoimmune, cardiovascular, and meta
bolic diseases, particularly given TRE's feasibility, sustainability, and 
generally low-risk safety profile.
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